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Abstract: 

The role of the T cell receptor (TCR) in antigen recognition and activation of T lymphocytes is 

well established.  However, how the TCR affects T-helper differentiation/skewing is less well 

understood, particularly for human CD4
+ 

(CD4) T cell subsets.  Here we investigate the role of 

TCR specific antigen avidity in differentiation and maintenance of human Th1, Th2 and Th17 

subsets.  Two human TCRs, both specific for the same peptide antigen but with different 

avidities, were cloned and expressed in human CD4 T cells.  These TCR engineered cells were 

then stimulated with different concentrations of specific antigen under non T-helper 

differentiated, pre-differentiated, and differentiating conditions.  We show that TCR avidity can 

control the percentage of IL-4 and IFN- co-expression in non-differentiated TCR engineered 

cells.  Further, we show that effector function can be maintained in a TCR avidity-dependent 

manner in pre-differentiated TCR engineered cells.  Lastly, we show that increased TCR avidity 

can accelerate Th1 and inhibit Th2 differentiation of TCR engineered cells.  This study advances 

the knowledge of regulating and predicting the differentiation of human CD4 T-helper cells
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Chapter 1: Introduction and Specific Aims 

 

Human CD4
+
 T-helper subsets 

Human naïve CD4
+
 (CD4) T cells can differentiate into several T-helper (Th) 

subsets which are categorized primarily by their cytokine and master transcription factor 

expression[1-4].  Among the most well-characterized of these subset and the focus of this 

study are Th1, Th2 and Th17 cells.  Th1 cells express IFN- and TNF- and the master 

transcription factor T-bet, Th2 cells express IL-4, IL-5 and IL-13 and the master 

transcription factor GATA3 and Th17 cells express members of the IL-17 cytokine family, 

IL-21 and IL-22 and the master transcription factor RORt[5-7] (Figure 1).  Each subset has 

effector functions which drive the adaptive immune response to clear pathogens.  Th1 cells 

are responsible for cell-mediated immunity to clear viruses and bacteria[8], Th2 for humoral 

immunity and helminth regulation[9] and Th17 for a host of intracellular pathogens and 

fungi clearance[10].  While not the focus herein, other T-helper subsets also have important 

roles in shaping the adaptive immune response.  For example, T-regulatory cells (T-regs) 

and T follicular helper cells(TFH) are well characterized for maintaining tolerance and 

promoting B cell antibody production, respectively[11-14].  Also of mention are the recently 

discovered or less well-characterized T-helper subsets such as Th9, Th22 and ThGM-CSF[15, 

16], further demonstrating the diverse nature of CD4 T cell differentiation.  
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Differences between human and murine Th17 subsets 

In a seminal paper published in 1986, Mosmann and Coffman observed that murine 

CD4 T cells can be grouped into Th1 and Th2 subsets [17].  Researchers established shortly 

thereafter that these subsets were also present within human CD4 T cells[18].  In 2005, 

nearly two decades after the Mosmann and Coffman observation, two groups discovered, 

also in mice, the Th17 subset.  Importantly, both groups showed that these Th17 cells were 

distinct subset from Th1 and Th2 [19, 20].  In a similar haste, researchers also established 

that a Th17 subset was present in humans.  Based on the known similarities between human 

and murine Th1 and Th2 subsets with respect to in vitro differentiating conditions and the 

naïve phenotype of CD4 T cells used to generate them, it was presumed that human and 

murine Th17 cells would also share said similarities.  However, it quickly became apparent 

that human Th17 cells differed in non-trivial ways from those of mice.  Many discrepancies 

between human and murine Th17 differentiation were noted such as the phenotype of the 

CD4 T cell starting population and cytokine milieu or conditions used to generate the 

subset.  For example, human Th17 cells have been reported to differentiate preferentially 

from CD4 T cells expressing the chemokine receptor 6 (CCR6) and/or the C-type lectin like 

receptor, CD161[21, 22].  No such preferential restriction has been attributed to murine 

Th17 cells.   Details of these discrepancies and how this topic relates to the TCR avidity 

study which is the subject of this dissertation will be covered in greater depth in Chapter 4.  

Next, the well accepted and universal paradigm of T-helper differentiation is described. 

T-helper differentiation: an overview  

T-helper subset differentiation or skewing fate can be controlled by both cell 

extrinsic and intrinsic factors.  The extrinsic factors include, but are not limited to, the 
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Figure 1.  T-helper subsets and phenotypes. 

Diagram of T-helper subsets (Th1, Th2 and Th17) with purported differentiation 

conditions, signature cytokine expression and master transcription factors.  Naïve (Th0) 

CD4
+
 T cells can undergo T-helper subset differentiation following activation via TCR 

recognition of cognate antigen/HLA class II complex expressed on the surface of an 

antigen presenting cell (APC).  Once activated, the cytokine milieu (shown in black with 

arrows) can skew or differentiate the cells to particular subsets.  Each subset expresses 

signature cytokines (shown color coded with subsets) and lineage specifying master 

transcription factor, (shown under subset names).  Figure modified from: 

livingwellnessblog.files.wordpress.com/2012/10/t-cell-subset.png. 

 

 

 

  



4 
 

cytokine milieu, type of antigen/foreign pathogen present, the type of antigen presenting cell 

(APC) presenting the antigen and the type of co-stimulation[3, 23-28].  The intrinsic factors 

include the T cell receptor (TCR) signal strength, differential signaling pathway 

sensitivities, microRNAs and intracellular complement activation[29-34].  Naïve CD4 T 

cells therefore have to integrate both extrinsic and intrinsic stimuli to determine subset 

differentiation fate.  These stimuli are stratified into what has historically been referred to as 

the three signal hypothesis[35, 36].  This hypothesis states that TCR recognition of cognate 

antigen presented in the context of the major histocompatibility complex class II (MHCII), 

expressed on the surface of an APC, is the first signal necessary for CD4 T cell activation, 

proliferation and subsequent differentiation.  Signal one is followed by the second signal, 

which is APC expressed co-stimulatory molecules such as CD80 and CD86 engaging with 

the CD28 receptors on T cells. 

This engagement enhances activation and survival of the T cells, prevents anergy 

and serves as a safeguard for aberrant T cell activation[37, 38].  Finally, the third signal is 

the cytokine milieu, which is largely determined by innate immune cells activated by 

alarmins and pathogens which trigger pattern recognition receptors[39, 40].  

Although it is clear that all of the above stimuli contribute to T helper subset 

differentiation, it is not fully understood if there is a hierarchical nature of the stimuli.  

When considering the spatio-temporal aspects of naïve T cell differentiation during an 

immune response[41-43], several scenarios of how a T cell integrates the stimuli are 

possible.  
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For example, a T cell may receive all stimuli simultaneously in the lymph node or 

the cells could receive signals one and two in the lymph node but signal three after 

migration to the site of infection.  Duration of the signals may also differ as TCR 

engagement may be relatively brief whereas exposure to particular cytokine milieu could be 

on the order of days[44].  To help determine the particular subset fate, when stochastic fate 

decisions are not beneficial, T cells have possibly evolved a hierarchical processing 

paradigm to stimuli.  It is conceivable that TCR initial stimulation by the cognate antigen 

could serve as a dominant determining factor in deciding which T helper subset results.  

Before elaborating on this point some information on TCR structure is warranted. 

TCR structure and association with CD3 and CD4  

The TCR is a glycosylated, heterodimeric protein expressed on the cell surface and 

spans the extra-cellular, intra-membrane and cytostolic space.  When expressed on CD4  

T cells, the TCR is composed predominantly of an alpha  and a beta ( chain linked via 

disulfide bonds.  Each chain is synthesized as a polypeptide, containing a variable and a 

constant region, having a total molecular weight between 40 to 55 kilodaltons[45-47].  The 

chain variable region results from different combinations of variable (V) and joining (J) 

genes, whereas different combinations of V, diversity (D) and J genes form the chain 

variable region.  These gene combinatorial events are performed by the aptly titled 

recombination activating gene (RAG) 1 and 2 enzymes[48].  human TCR gene locus, 

which contains 54 V genes, 60 J genes and one (1) constant (C) region gene according to the 

Hugo Gene Nomenclature Committee (HGNC), maps to chromosome 14.  The human TCR 

 gene locus maps to chromosome 7 and contains 68 V genes, two (2) D genes, 14 J genes 

and two (2) C region genes also according to the HGNC.  Productive recombinations (i.e. 
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in-frame and devoid of premature stop codons) of locus VJC genes andlocus VDJC 

genes result in allelic exclusion.  Allelic exclusion is if and when productive recombinations 

occur from one  allele and one allele the remaining  and alleles do not undergo 

recombination.  These remaining alleles are thus said to be “excluded” from recombination.  

Of note, while allelic exclusion is a central tenet of the clonal selection theory in 

immunology and well documented experimentally, there are instances of the TCR alleles 

and to a lesser extent, TCR  alleles, not exhibiting exclusion[49-52].   

Due to the numerous potential combinatorial events between VJ and VDJ genes, 

coupled with the palindromic (P) and random nucleotide (N) insertions introduced at 

junctions between the genes, the TCR repertoire can be exponentially large[53-55].  All 

combinations, however, are subject to thymic positive and negative selection causing the 

actual TCR repertoire to be smaller.  Of note, the TCR does not undergo somatic 

hypermutation and affinity maturation which is known to occur with the analogous 

immunoglobulin (Ig) receptor of B cells.  Consequently, the selected TCR is a final 

sequence.  Once associated, portions of variable regions from the and chains constitute 

the essential complementary determining region 3 (CDR3) of the TCR.  The CDR3 contains 

a loop structure of amino acids that interact with the peptide/HLA class II complex on 

antigen presenting cells (APC) and thus determines the specificity of the TCR.   

There are many molecules and proteins involved with the TCR to coordinate and 

effect T-helper signaling[56, 57].  Herein the pivotal roles of CD3 and CD4 are highlighted.  

Figure 2 is a schematic showing the TCR structure with CD3, CD4 and associated 

molecules.   
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Figure 2.  T cell receptor  (TCR) structure and associated molecules of CD4
+
 T cells 

Diagram of TCR alpha () and beta () chain variable (V) and constant (C) regions 

chains with associated CD3, CD3 CD3 and CD3 subunits and CD4 co-receptor.  

Also shown are the signaling molecules Lck and Zap70 kinases responsible for  

phosphorylating the immune receptor tyrosine activation motifs (ITAMs) on the CD3 

subunits and initiating signaling events which can result in T cell survival, proliferation 

and differentiation.  Sizes and relative proportions of proteins and molecules may not be 

to scale.
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The TCR associates non-covalently with the multi-subunit CD3 molecule forming 

what is called the TCR/CD3 signaling complex.  CD3 is critical for TCR signaling and 

trafficking to the cell surface.  The TCR lacks immune receptor tyrosine based activation 

motif (ITAM)s, which serve as docking sites for signaling proteins, and thus cannot signal 

sua sponte.  In contrast, the cytosolic tails of CD3 contain several ITAMS which, once 

phosphorylated, recruit important signaling proteins[58, 59].  These signaling proteins relay 

information from receptor ligation, an upstream event, to proteins inside the cell which 

initiate downstream events.  

One such signaling protein recruited to CD3 is the kinase Zap70.  Zap70 plays a 

significant and well characterized role in T cell signaling and activation[58, 60-62].  

Because of its signaling capability, CD3 ligation by monoclonal antibodies can be used 

experimentally as a non-specific stimulator of T cells.  This ligation can bypass TCR 

specific activation by its cognate peptide/MHC complex (pMHC). 

In addition to CD3, the T-helper cell co-receptor CD4 is important for TCR 

signaling[63].  CD4 is a membrane bound monomeric protein belonging to the Ig super 

family.  It contains a large extracellular domain and a short cytostolic tail that associates 

with the Src kinase, Lck.  Of significance, Lck can activate, via phosphorylation, Zap70[64].  

The extracellular domain of CD4 plays an important role in HLA class II recognition.  The 

interaction between the cognate peptide/HLA class II complex on the surface of an APC and 

its specific TCR is tied to the presence of CD4 during thymocyte development.  Further, the 

affinity of TCR for it cognate peptide /HLA class II complex is generally reported as low 

and CD4 serves to augment this affinity[65].   
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Models describing how CD4 contributes to the augmentation namely via its 

association with Lck have been reported[66].  Importantly, a crystal structure of the ternary 

complex (peptide/HLA class II, TCR and CD4) for humans has been solved[67].  This 

structure provides a visualization of how CD4 may guide the TCR to the peptide/HLA class 

II complex and thus facilitates signaling.   

Avidity and TCR antigen recognition  

CD4 T cells recognize their cognate or specific antigen bound in the context of an 

HLA class II molecule.  This is in contrast to B cells which recognize free antigen.  Owing 

to this manner of antigen recognition, CD4 T cells are referred to as HLA or MHC 

restricted[68, 69].  The importance of HLA class II molecules to CD4 T cell activation in 

particular, and the human adaptive immune system in general, is evident in the 

symptomatology and potential lethal prognosis of bare lymphocyte syndrome (BLS).  BLS 

is characterized by low expression or complete absence of HLA molecules on lymphocytes 

and APCs which can result in severe infections and overall immunodeficiency[70, 71].  

HLA class II bound antigens are classically defined as exogenously derived.  These antigens 

are processed intra-cellularly and loaded as peptides onto HLA class II molecules.  Due to 

the polymorphic nature of HLA molecules[72, 73], many different peptides are capable of 

being presented.  As mentioned, the CDR3 region of the TCR interacts with the peptide in 

the HLA class II groove.  The germline encoded regions of the TCR (CDR1 and CDR2) 

interact with the HLA molecule.  However, experimental models have been reported 

showing all three CDRs can and do interact with the peptide and the HLA molecule[74].  

The bound peptides, or “epitopes”, are usually between 12-20 amino acids long and interact 

with the HLA molecule via what are termed contact or anchor residues [75, 76].  This 
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variable length is accommodated by the open groove structure of the HLA class II molecule 

(Figure 3).  

The interaction between the TCR and the cognate peptide /HLA complex (pMHC) is 

widely reported to be of low affinity[77, 78].  Affinity is a kinetic and thermodynamic 

measure measurement assessing the attraction between two individual molecules or proteins 

such as a receptor and its ligand[79, 80].  These measurements are typically performed using 

the surface plasmon resonance (SPR)[81, 82] technique and provide dissociation constants 

(KD) with units in concentrations.  Low KD values indicate high affinity interactions.  

Naturally the affinity of different TCRs will vary; ranges from 10
-6 

to 10
-4

M have been 

reported[83].  As a comparison, the affinity of immunoglobulins or B cell receptors (BCR) 

for cognate antigens has been reported in the range of 10
-12 

to 10
-9

M[84].  This represents a 

6 orders of magnitude stronger affinity between BCRs and cognate antigens compared with 

TCRs and pMHCs.  The lower TCR-pMHC affinity has been suggested to serve as a 

safeguard against autoimmunity and to promote serial TCR activation.   

Physiologically, however, affinity does not accurately assess TCR-pMHC 

interactions.  Rather, it is the avidity of the TCR–pMHC interaction that is a more 

appropriate measure.  Avidity is defined as physiological or functional affinity.  This 

definition accounts for TCR clustering and changes in pMHC concentrations, events that 

can occur during an immune response.  TCR clustering is the aggregation of TCRs in close 

proximity which increases the valency or free receptor binding sites that can interact with 

pMHC.  Similarly, an increase in the pMHC concentration results in a greater probability of 

TCR interaction as dictated by the law of mass action.  Reports have estimated that there are 

as few as 10 to as many as 10
5
 copies of pMHC complexes on an APC, with a single APC 
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able to present many different pMHC complexes[85].  It has also been reported that there 

are approximately anywhere from 10
4
 to 10

5
 copies of TCRs on a given T cell and, 

interestingly, a single pMHC molecule is sufficient to activate a T cell[35, 86-88]. 

TCR avidity can be measured by proliferation of T cells against a dose titration 

curve of the specific peptide.  Staining cells with fluorochrome conjugated tetramers, which 

are four biotinylated MHC molecules bound by streptavidin and loaded with a specific 

peptide of choice, can also be used to measure TCR avidity. 

It is an important distinction to note that TCR avidity can be modulated but TCR 

affinity is an immutable characteristic.  Thus there is a nuance between the quantity of 

signal, which can be attributed to changes in TCR avidity, and the quality of signal, which 

can be attributed to TCR affinity.   

Both avidity and affinity can affect the overall TCR signal strength[89].  But 

nuances between quantity and quality of TCR signal can affect T cell responses such as 

survival, proliferation and differentiation.  Parameters such as the half life of the TCR-

pMHC interaction, cooperativity that results from TCR clustering and the threshold strength 

required to activate the T cell are all considerations when analyzing TCR avidity and 

affinity[77, 83, 90].  

TCR avidity and T-helper differentiation 

Evidence of TCR avidity playing a dominant role in determining T-helper subset fate 

has been reported.  In an in vivo study investigating murine T-helper subset determination, 

the authors observed that TCR signal strength for its cognate antigen pre-empts the extrinsic 

factors of APC and cytokine milieu[91].  This study built on previous reports showing that  

TCR signal strength regulated  murine Th1 and Th2 differentiation[92, 93].    
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Figure 3.  T cell receptor (TCR) recognition of peptide/ HLA class II complex 
Diagram of TCR and CD4 co-receptor interacting with peptide/HLA II complex  

on antigen presenting cell (APC).  TCR recognition and binding of peptide/HLA II 

complex is the first step in T cell activation.  The duration of TCR-peptide/HLA II 

complex interaction influences proliferation and effector phenotype of CD4
+
 T 

cells.  CD4 binding to the HLA molecule can augment the stability of the TCR-

peptide/HLA II complex.  
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Additionally, one report has shown that TCR signal strength affects proximal 

signaling events that promote murine Th17 differentiation [94].  These findings are of 

interest and prompted this study because of the paucity of information on TCR avidity and 

signal strength in determining human T-helper differentiation. 

TCR engineered cells 

T cells genetically modified to express exogenous TCRs were a major biomedical 

feat ushering in the era of cellular adoptive therapy[95].  These T cells, referred to as TCR 

engineered cells, allowed researchers and physicians to expand many fold an antigen 

specific population of cells.  Essentially, TCRs are cloned from T cells with known 

specificity against a target antigen.  The cloned TCRs are then expressed in T cells 

(autologous or donor) via a method of choice (retro- or lenti-viral transduction or non-viral 

mRNA transfection)[96].  The major advantage of these TCR engineered cells was the 

ability to redirect any T cell to a target antigen.  This would circumvent, for example, the 

low frequency or exhausted/suppressed phenotype of antigen specific T cells targeting a 

disease state antigen.  Many early applications of TCR engineered cells involved CD8 co-

receptor expressing T cells for their cytolytic functions against tumours such as 

melanoma[97].  In the last decade many advancements in targeting T cells to a particular 

antigen have been devised including chimeric antigen receptors (CARs) and high affinity 

TCRs using phage display technology[98-100].   

Interestingly, very little research with human TCR engineered CD4 T cells has been 

reported [101].  They can provide a tool to study human CD4 T cells in an antigen specific 

manner.  Further, they may reduce and possibly obviate the need for single cell cloning and 
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immortalized human cell lines.  Herein, we use TCR engineered CD4 T cells to investigate 

antigen specific TCR avidity and human T-helper differentiation. 

Study design background, hypothesis and specific aims  

This study began with the isolation of two human TCRs derived from effector CD4
+ 

T cells cloned from a single Hemophilia A subject[102].   Hemophilia A is a congenital  

X-linked recessive blood coagulation disorder.  The disorder predominantly affects males 

owing to its X-linked recessive nature and has a reported incidence rate of 1 in 5,000 males.  

Hemophilia A is caused by mutations in the F8 gene which encodes for FVIII, a protein co-

factor in the intrinsic pathway of blood coagulation[103, 104].  Absence of or deficient 

activity in FVIII caused by these mutations can lead to debilitating and possible life 

threatening bleeding episodes[105, 106].  The first-line treatment for Hemophilia A is FVIII 

replacement therapy.  However, a subset of subjects receiving this therapy develop anti-

FVIII neutralizing antibodies called inhibitors which render the therapy ineffective[107-

110].  Importantly, these inhibitors are class switched and known to be CD4 T cell 

dependent[111-113]. 

Our lab studies mechanisms and develops methods for inducing antigen specific 

tolerance in many different diseases, one of which is Hemophilia A [114-117].  Inhibitor 

development resulting from FVIII replacement therapy is a robust model system for 

studying antigen specific tolerance induction methods.  It is robust because it involves a 

well characterized single antigen, FVIII[118, 119] and there are in vivo and in vitro methods 

to assess efficacy of tolerance induction[120-123].  We were interested in the CD4 T cells of 

this Hemophilia A subject because of their antigen specificity and isolation after the clinical 

diagnosis of a FVIII inhibitor.  The goal was to engineer human T-regs expressing the TCRs 
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cloned from these CD4 T cells.  These T-regs could potentially suppress, in a directed and 

antigen specific manner, effector CD4 T cells expressing the same TCRs.  Such suppression, 

we hypothesized, would prevent these effectors T cells from providing help to FVIII 

specific B cells responsible for inhibitor production. 

However, during this T-reg mediated suppression study, an interesting question 

arose regarding the relationship between the TCR and human T helper phenoptypes.  We 

asked how the TCRs from the effector CD4 T cells isolated from the Hemophilia A subject 

may have contributed to or affected the effector functions of the cells.  Thus the focus of this 

dissertation was born.   

The CD4 T cell clones isolated from the Hemophilia A subject were HLA-

DRB1*01:01 (abbreviated hereafter as “DR1”) restricted and specific for the same peptide 

epitope in the C2 domain of blood coagulation protein FVIII (residues 2191-2210, 

abbreviated hereafter as “pC2”)[124].  The two clones used to isolate our TCR sequences, 

17A-19wk-5 and 17A-19wk-11, were phenotyped as Th2 and Th17/Th1 cells, respectively, 

based on cytokine and transcription factor expression (Figure 4).  Further, both clones had 

different avidities for their shared cognate antigen pC2, as measured by proliferation assays 

(Figure 4).  We hypothesized thus that inherent properties of the TCR such as avidity 

control and modulate the differentiation of human CD4 T cells.  To test this hypothesis, we 

proposed the following Specific Aims: 

Aim 1:  Phenotypically characterize two cloned human CD4 TCRs specific for a FVIII 

epitope, C2191-2210 ( pC2) and expressed in host CD4
+
 T cells (TCR engineered 

cells) 

 

Aim 2:  Determine how the antigen specific avidity of the characterized TCRs affects  
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A.  Effector phenotype maintenance of T-helper differentiated  

TCR engineered cells, and 

 

B.  T-helper differentiation of TCR engineered cells  

Both naïve and effector memory cells were used to generate TCR engineered cells 

via retroviral transduction.  TCR avidity was evaluated in part by analyzing the response to 

varying concentrations of pC2 used to stimulate the cells.  T-helper signature cytokine and 

transcription factor expression of Th1, Th2 and Th17 subsets were analyzed for the cells 

under undifferentiated, T-helper differentiated and T-helper differentiating conditions.  
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Figure 4.  Phenotype of cloned FVIII epitope pC2 specific human CD4
+
 T cells 

CD4
+
 T cells specific for the FVIII C2 domain epitope C2191 2210 ("pC2") were 

isolated and cloned from the peripheral blood of two Hemophilia A subjects at different 

time points after diagnosis with an inhibitor (anti-FVIII antibody).  Cells were analyzed  

for proliferation, (upper left panel), and cytokines IFN-g (middle left panel)  IL-4 

(bottom left panel), IL-17A ( upper right panel ), IFN-IL-4 ratio (middle right panel) 

and IL-17A/IFN- (bottom right panel) against a dose titration of pC2.  Proliferation was 

measured by tritiated thymidine incorporation, cytokines were measured by ELISA.  

Circles indicate cells from which 17195 TCR and 171911 TCR   were cloned.  Figures 

originally published by Ettinger et al. Blood. 2009 Aug 13;114(7):1423-1428.   
 

  

http://www.ncbi.nlm.nih.gov/pubmed/19549986
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Chapter 2: Materials and Methods 

• TCR cloning: 

cDNA was generated from CD4
+
 T cell clones derived from a Hemophilia A subject whose 

T cells responded to a DR1-restricted epitope within pC2 and amplified using a 5’ rapid 

amplification of cDNA ends (RACE) with semi-nested PCR technique as published[125].  

PCR primer sequences were as follows:  

pGI (5’-GICACCGGGIIGGGIIGGGII-3’);  

pCa1 (5’-AGTCAGATTTGTTGCTCCAGGC);  

pCa2 (5’-ATACGCGTTCTCTCAGCTGGTACACGG-3’);  

pCb1 (5’-TTCACCCACCAGCTCAGCTCC-3’);  

pCb2 (5’ATACGCGTAGATCTCTGCTTCTGATGGC-3’).  PCR amplified bands were 

gel-purified and used to transform TOP10 competent E.coli cells (Invitrogen) using a 

TOPO-TA cloning kit as per the manufacturer’s instructions (Invitrogen).  DNA was 

isolated from successful transformants, as determined by blue/white screening (Fast-media® 

Fermentas), and sequenced.   Multiple  sequence reads (>50 per alpha and beta chain)of 

transformants were assayed.  Productive sequence reads of the target TCR alpha and beta 

chains were verified via IMGT (international ImMunoGeneTics) and NCBI (National 

Center for Biotechnology Information) Blast bioinformatic databases.  The determined TCR 

alpha and beta chains were designed as a construct to be expressed as one self-cleaving 

transcript, using a P2A cis acting hydrolase element sequence inserted at the junction 

between the end of the alpha and the beginning of the beta chains.  The designed construct, 
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including leader sequences and a furin recognition sequence to excise the P2A amino acids 

left after TCR translation and cleavage, were subcloned into a pRetrox-IRES-Zsgreen vector 

(Clontech) for retroviral production. 

• Human CD4 T cell sorting 

Lymphocytes were separated by Ficoll-Paque (GE Healthcare) per manufacturers’ 

instructions from peripheral blood of healthy human donors courtesy of the NIH and Red 

Cross blood banks.  Lymphocytes were MACS enriched for CD4+ T cells and then stained 

with anti human CD4- FITC, CD25 PeCy7, CD196 (CCR6)-Pacific Blue, CD127-Pe, and 

CD45RA- APC.  All sorting was performed using BD FACS ARIA located. in the 

Uniformed Services University of the Health Sciences’ Bioinstrumentation Core. 

• TCR encoding retrovirus production and  human T cell transduction: 

Ampho293T packaging cells (kind gift from Dr. Brian Schaefer, USUHS) were seeded in 

10mM tissue culture dishes with RPMI 1640 media(Corning Cellgro) supplemented with 

10% FBS. They were then transfected via lipofectamine LTX (Invitrogen) as per the 

manufacturer’s instructions, with 7g pAmpho envelope plasmid (Clontech), 7g pEQ 

Pam3 (-e) GAG POL plasmid (gift of Dr. Dario Vignali, University of Pittsburgh) and 7g 

of pRETROX-IRES-Zsgreen vector  (Clontech) encoding the engineered TCR sequence.  

Virus particles were collected 48 and 72 hours post-transfection, syringe-filtered and stored 

at -80C until transduction.   

Sorted non-hemophilic human naïve (CD25
- 
CD127

+
CD45RA

+
) or CCR6

+ 
(CD45RA

-
) 

CD4
+
 T cells were transduced with TCRs encoding or mock retrovirus particles via a 

RetroNectin (Takara)-mediated spinoculation technique.  Briefly, non tissue culture treated 
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24 well plates (Costar) were coated as per the manufacturer’s instructions with RetroNectin 

at 10g/ml and incubated overnight at 4C.  RetroNectin-coated plates were subsequently 

blocked for 1 hour with 2% BSA and washed in RPMI 1640 media.  TCR encoding or mock 

retroviral particles were added to the RetroNectin plates and centrifuged at 1,500 x g, 37C 

for 90 minutes.  Naïve or CCR6
+
 CD4 T cells were activated for 48-72 hours with anti-

human CD3 (OKT3 clone-Biolegend)  and anti-human-CD28 (28.2 clone-Biolegend) and 

then added to the viral particle/RetroNectin coated wells, and the plates were centrifuged at 

1,500 x g at room temperature for 10 minutes.  Cells were then incubated at 37C and 

expanded in RPMI media with appropriate concentrations of IL-2 (NCI Frederick).  

 Tetramer and Vbeta2 staining: 

PE-conjugated DR1 tetramer loaded with pC2 (kind gift from Dr. Kathleen Pratt, USUHS) 

was incubated with TCR engineered or mock-transduced non-hemophilia A CD4 T cells for 

1 hour at 37C at a final concentration of 5g/ml in RPMI 1640 (Corning Cellgro) media 

supplemented with 10% FBS, 1% Human serum AB (Valley Biomedical), 1% Glutamax 

(Gibco) and human IL-2 (NCI Frederick) at 200 Units/ml media.  After incubation, cells  

were stained with biotinylated anti-human Vbeta2 TCR on ice for 15 minutes.  The cells 

were then washed twice with FACS buffer (PBS contain 2% FBS and 0.05% w/v NaN3)  

and stained with APC-conjugated streptavidin (Biolegend).  

• T-helper differentiation: 

Human naïve (CD45RA
+
 CD127

hi
 CD25

-
)  or effector memory (CD45RA

-
 CD127

hi
 CD25

-
) 

CCR6
+ 

and CCR6
- 
CD4

+
 T cells were sorted from healthy non-hemophilic donor PBMCs, 

seeded at 1X10
6
/ml and activated with plate-bound anti-human CD3 and anti-human CD28 
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(both from Biolegend) at g/ml and 2 g/ml, respectively, under human T-helper 

differentiating conditions for 7-9 days.   

For Th0 (i.e. non-differentiating) conditions, cells were cultured in supplemented RPMI 

media (see below).  For Th1 differentiation, cells received human IL-12 (R&D Systems) at 

30 ng/ml and anti human IL-4 (R&D Systems) at 500 ng/ml.  For Th2 differentiation, cells 

received human recombinant IL-4 (R&D Systems) at 50 ng/ml and anti-human  

IFN-Peprotechat 2.5 g/ml.  For Th17 differentiation, cell received human IL-23 

(Peprotech) at 20 ng/ml, IL-1Peprotechat 10 ng/ml and TGFPeprotechat 200 

pg/ml. 

For experiments involving TCR engineered cells, naïve CD4 T cells were used for Th1 and 

Th2 differentiation and CCR6
+
 CD4 T cells were used for Th17 differentiation. 

All cells, in the presence of differentiating or non-differentiating conditions, were cultured 

in RPMI 1640 media (Corning Cellgro) supplemented with 10% FBS, 1% Human serum 

AB (Valley Biomedical) and 1% Glutamax (Gibco).  Human IL-2 (NCI Frederick) was 

added to the media at 200 Units/ml for Th0, Th1 and Th2 conditions and at 4 Units/ml of 

Th17 conditions.   

• Pre-differentiated TCR engineered cells 

To transduce T-helper differentiated cells, activated cells were cultured under T-helper 

differentiating conditions as described above for 48 hours, harvested and added to plates 

coated with retronectin and TCR encoding viral particles.  Transduction protocol proceeded 



22 
 

as described above in the presence of differentiating conditions.  The differentiated and 

transduced cells were expanded for up to 11 days. 

• Proliferation assay and antigens: 

TCR engineered cells were labeled with cell proliferation dye (CPD) efluor 450/Pacific blue 

(eBioscience) according to the manufacturer’s instructions and were seeded at 0.5-1.0x10
6
 

cells/ml.  The cells were incubated at different time points with either specific antigen from  

Factor VIII C2 domain 2191-2210 [pC2] (New England Peptide) or non-specific antigens: 

Factor VIII C2 domain peptide 2218-2237 (New England Peptide), soluble anti-CD3 (OKT3 

clone, Biolegend) or OVA peptide 323-339 (New England Peptide), in the presence of 

 -irradiated (6000 rads) autologous or heterologous human HLA-DR1 PBMCs at a 5:1 

PBMC to T cell ratio.   

• Intracellular staining:  

Following experimental conditions, cells were washed and rested for up to 72 hours and 

then re-stimulated with 1X phorbol 12-myristate 13-acetate (PMA), Ionomycin, brefeldin A 

and monensin cocktail (eBioscience) for 5-7 hours.  Cells were harvested and surfaced 

stained with anti -human CD4 PeCy5 (Biolegend) in FACS buffer (homemade).  Fixable 

viability dye efluor 780 (eBioscience) was added and cells were incubated for 30 minutes on 

ice, washed and then incubated in 1X fixation/permeabilization buffer (eBioscience) 

overnight at 4°C.  After fixation/permeabilization, cells were stained for cytokines and 

transcriptions factors in 1X permeabilization buffer (eBioscience) overnight at 4°C.  

Cytokines were stained using anti-IFNPeCy7, anti-IL-2 BV510, anti-IL-4 PE (all from 

Biolegend) and anti-IL-17A PerCPCy5.5 (eBioscience).  The transcription factors were 



23 
 

stained using anti-T-bet PeCy7, anti-GATA3 PE (both Biolegend) and anti-RORt APC 

(eBioscience).  All data were acquired using a BD LSR II flow cytometer and analyzed 

using Flowjo software (Flowjo, LLC) in the Uniformed Services University of the Health 

Sciences’Bioinstrumentation Core. 

• Th17 differentiation co-culture assay 

Sorted human naïve (CD45RA
+
 CD127

hi
 CD25

-
) and effector memory (CD45RA

-
 CD127

hi
 

CD25
-
) CCR6

-
 CD4

+
 T cells were seeded at 1X10

6
/ml either alone or in co-culture with 

effector memory CCR6
+
 CD4

+
 T cells at (CCR6

+
:Naïve or CCR6

-
) ratios of 2:1, 1:1, 1:2 1:4 

and 1:8.  Cells were activated and cultured under Th17 differentiations conditions as 

described above.  Following differentiation, cells were surface stained with viability dye, 

anti human CD4 PeCy5, and anti-human CCR6 APC and intra-cellularly for the  

T-helper cytokines and transcription factors as listed above. 

 Statistical analysis 

All statistical analyses (Two way Anova with post hoc test, paired and unpaired Student’s 

 t–tests) were performed using Graphpad Prism 6 (GraphPad Software, Inc.,  

La Jolla, CA). 
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Chapter 3: TCR avidity and human T-helper differentiation 

Introduction 

The results from experiments designed to test our hypothesis that inherent properties 

of the TCR such as avidity control and modulate the differentiation of human CD4 T cells 

are presented in this chapter.  This includes the cloning of the two TCRs, 17195 and 

171911, which was the pivotal first step in creating the TCR engineered CD4 T cells used in 

these experiments.  Experiments to assess differences in TCR avidity between17195 and 

171911 TCR engineered cells are also presented.  Lastly, how these differences affected the 

 T-helper differentiation of the TCR engineered cells in several experimental conditions and 

supported our hypothesis is discussed. 

Results 

TCR cloning and expression  

Sequencing of the TCR α and β chains of human Factor VIII-specific CD4 T-cell 

clones 17195 and 171911 was accomplished using a 5’ RACE with semi-nested PCR 

technique as published[125] (Figure 5A).  After productive TCR sequences from this 

technique were verified using IMGT and NCBI databases, sequence specific primers were 

designed and both 17195 and 171911 TCR cDNA was PCR amplified (Figure 5B).  Both 

TCRs shared the same V β chain allele family and had an overall 86% amino acid sequence 

identity (Table 1 and Figure 6).  Retroviral based expression plasmids for both 17195 and 

171911 TCRs were designed to make viral particles (Figure 7A).  An empty plasmid (with 

no TCR sequence inserted) served as a mock control.  All expression plasmids encoded for a 

GFP analogue as a marker for transduction.  Using a retroviral transduction protocol, both 

TCRs were expressed in human naïve and effector memory CD4
+
 T cells from healthy, non-
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hemophilic subjects.  Responsiveness to pC2 was evaluated by proliferation assays. The pc2 

used in our assays was a 20-mer and its core binding region to DR1 has been confirmed as 

the 12-mer C2195-2205 with contact residues at 2196, 2199, 2201, and 2204 (personal 

communication from Dr. Kathleen Pratt).  

The proliferation of the TCR engineered cells was specific to pC2, as no 

proliferation was observed when cells were stimulated with a different FVIII peptide 

epitope, C2218-2237 (data not shown) or with an Ovalbumin peptide (Figure 7B).  As 

observed for their respective original clones[102], both 17195 and 171911 TCR engineered  

T cells proliferated to the specific antigen epitope ,pC2, although at different rates.  Based 

on optimization experiments, four (4) days was the time point selected to assess 

proliferation of the TCR engineered cells.  By measuring expansion of GFP
+
 TCR 

transduced cells, the 17195 TCR engineered cells showed statistically significant greater 

proliferation, which was used as a readout for avidity, at low pC2 concentrations(0.005 and 

0.05 g/ml) tested relative to the 171911 TCR engineered cells (Figure 8).  At the two 

highest pC2 concentrations (5.0 and 10.0 g/ml) tested, both 17195 and 171911 TCR 

engineered cells had similar proliferation suggesting that 5.0 g/ml was the maximal 

stimulatory concentration in our experiments (Figure 8).  Prior to assessing avidity of the 

TCR engineered cells by DR1 tetramer, optimal staining conditions were determined via a 

time course experiment using the original 17195 and 171911 cloned CD4 T cells (Figure 9).  

The optimal conditions to observe the maximum tetramer binding were determined to be 1hr 

at 37°C.  Evaluation of DR1 tetramer staining patterns and mean fluorescence intensity 

(MFI) values confirmed that the 17195 TCR engineered cells had a higher avidity for the 

pC2-loaded tetramer compared to the 171911 TCR engineered cells.  Anti-TCR Vbeta2 
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staining confirmed that the observed difference in proliferation to pC2 between the two 

TCR engineered cells was not due to incongruent TCR expression levels (Figure 10A).   

The difference in avidity between the TCR engineered cells was especially evident when the 

cells were tetramer stained seven (7) days post TCR transduction (Figure10A).  These cells 

had not been exposed to pC2 and therefore no antigen-specific proliferation had occurred to 

amplify tetramer binding.  Although tetramer binding was increased for both TCR 

engineered cells after stimulation across a pC2 dose titration curve, the difference in avidity 

was still observed (Figure 10B).  

T-helper phenotype and cytokine expression of activated TCR engineered cells 

Given the fact that the two TCRs were isolated from T-effector clones having 

distinct phenotypes, it was of interest to investigate the cytokine expression profiles of 

donor naive CD4 T cells engineered to express them.  When the resulting TCR engineered 

cells were stimulated with pC2, heterogenous populations of Th1 (IFN-) and Th1/Th2 

hybrid (IFN-/IL-4) phenotypes were observed.  The lower avidity engineered cells 

expressing 171911 TCR produced a greater percentage of Th1/Th2 hybrid cells at all but 

one stimulatory pC2 concentration (0.005 g/ml) compared to the 17195 TCR engineered 

cells (Figure 11).  Neither IL-17A nor IL-10 was expressed from the TCR engineered cells 

after stimulation with pC2 or non-specific stimulation (data not shown).  Despite the fact 

that 17195 and 171911 TCRs were isolated from Th2 and Th17/Th1 clones, respectively, 

neither of the TCR engineered cells showed a bias or preferential skewing towards the T-

helper phenotypes of their parental clones.  Rather, the TCRs appeared to function as 

activation triggers that relayed proliferative signals to the host T cells in a dose dependent 

manner.  
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Figure 5.  pC2 specific human TCR cloning and verified sequence PCR 

amplification 
 

A.  Agarose gel (0.8%) of 5’ rapid amplification of cDNA ends (RACE) and 

semi-nested PCR technique used to clone human TCR alpha () and beta () 

chains from pC2 specific human CD4 T cells.  Semi-nested PCR product 

bands indicated in between arrows were excised and used for sequencing as 

described in materials and methods.  From left to right lanes represent 1
st 

round a chain amplification, 100bp ladder, 1
st 

round b chain amplification, 

100bp ladder, 2
nd

 
 

round  chain amplification and 2
nd 

round  chain 

amplification. 500bp marker is indicated.  B.  Agarose gel (0.8%) of PCR 

amplified 17195 and 171911 TCR a and b chains from pC2 specific human 

CD4 T cells.  Primers were designed based on the determined TCR sequences 

verified using IMGT and NCBI  databases.  500bp marker is indicated.  
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Table 1. Cloned 17195 and 171911 TCR genes  
IMGT database verified genes of human Variable (V), Joining 

(J) and Diversity (D) region alleles, Amino Acid (AA) junction 

sequence and Constant (C) regions of cloned 17195 and 171911 

TCR  and  chains. 
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Figure 6. Amino acid sequences of 17195 and 171911 cloned TCRs 
 

Left: Amino acid sequence of 17195 TCR  and  chains.  Also shown are the Porcine 

teschovirus derived 2A peptide, flexible linker and furin recognition site sequences which 

begin after the  chain constant region and end at the beginning of the chain variable region.  

Right:  Amino acid sequence of 171191 TCR  and  chains. Amino acids constituting the  

complementary determining region 3 (CDR3), as analyzed by IMGT database, are underlined. 
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Figure 7.  TCR retroviral expression vector and antigen specificity of TCR 

engineered cells 

A. Schematic of pRetro-X Zsgreen retroviral construct used to make virus particles 

for TCR expression.  Highlighted are LTR viral promoters, restriction sites used in the 

MCS to insert the TCR and  chain sequences, which are stoichiometrically 

expressed via the p2A (porcine teschovirus) linker sequence removed after translation 

by way of a furin recognition sequence (FRS), and the IRES-mediated expression of 

ZsGreen, which is analogous to GFP.  Constructs with no TCR sequences were used 

for Mock viral particle production. B. Histogram overlays showing proliferation of 

TCR engineered cells (left) and Mock transduced engineered cells (right) after a 4 day 

stimulation with pC2, non-specific OVA peptide 323-339 or polyclonal soluble anti-

human CD3.  
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Figure 8.  17195 and 171911 TCR engineered cells exhibit different proliferation 

to shared specific antigen pC2 

A.  Proliferation as measured by expansion of the GFP
+
 population of 17195 TCR 

(squares), 171911 TCR (triangles) and mock (circle)engineered naïve CD4
+
 T cells 

after a 4 day stimulation with a dose titration curve of pC2 at concentrations indicated 

in the presence of -irradiated DR1 PBMCs.  GFP fold-expansion metric controls to 

quantify transduction efficiency of each group of engineered cells across experiments 

by dividing the percentage of day 4 GFP
+
 cells at each pC2 concentration by the 

percentage of GFP
+
 cells before stimulation (day 0) of the respective engineered cell.  

Each point represents the mean ± SEM of at least three independent experiments with 

cells from > three donors.  B.  Two way Anova with Tukey post- hoc correction 

statistical analyses of proliferation differences between engineered cells at each 

concentration of pC2.  * indicates p value<0.05, ** p-value<0 005,  

*** p-value<0 0005, ns not significant. 
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Figure 9.  Tetramer staining time course of 17195 and 171911 

CD4
+
 T cell clones 

FACS plots showing HLA class II DR1 tetramer (Y axes) and CD4  

(X axes) expression of human CD4
+
 T cells clones 17195 (top row) 

and 171911 (bottom row) isolated from Hemophilia A subject 17A.  

Cells were incubated with DR1 tetramer loaded with FVIII C2 domain 

peptide 2191-2210 [pC2] for times indicated at 37°C.  Following 

incubation, cells were washed with FACS buffer, stained for CD4 and 

viability and analyzed by FACS. 
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Figure 10.  Tetramer staining of 17195 and 171911 TCR engineered cells reveals 

differences in TCR avidity for shared specific antigen pC2 

A. Representative FACS plots of HLA DR1 tetramer (Y axes) and TCR Vbeta2 allele 

(also known as Vbeta20.1) allele (X axes) staining of TCR and mock engineered cells 

following transduction and 7 day expansion in the presence of IL-2 without peptide or 

human DR1 PBMCs.  Tetramer is loaded with pC2 as described in Materials and 

Methods section.  Experiment was repeated on at least three independent occasions with 

SEMs not exceeding 5% for each gated quadrant percentile.  B.  Representative FACS 

plots of HLA DR1 tetramer (Y axis) and TCR Vbeta2 allele (X axis) staining of 17195 

TCR (top) and 171911 TCR(bottom) engineered  cells after a 5 day stimulation with 

pC2 (concentrations indicated above plots) in the presence of -irradiated human DR1 

PBMCs.  Experiment was repeated on three independent occasions with SEMs not 

exceeding 5% for each gated quadrant percentile. 

 

 

 

 

  



34 
 

To investigate what regulatory mechanisms may have driven the different 

frequencies of the Th1/Th2 phenotype between pC2 proliferated 17195 and 171911 TCR 

engineered cells, intracellular levels of the T-helper transcription factors T-bet, GATA3 and 

RORtwere measured No marked differences in RORtexpression were observed between 

the two types of TCR engineered cells, yet differences were observed in the percentages of 

T-bet and GATA3 double-positive cells (T-bet
+
GATA3

+
).  Shifts in the percentage of T-bet

+
 

GATA3
+
 cells serve as an indicator of loss or gain in Th1 and Th2 phenotypes.  There was a 

decrease in the percentage of T-bet
+
GATA3

+ 
17195 TCR engineered cells following 

stimulation with 0.05 and 0.5 g/ml of pC2 (Figure 12) which resulted in a concurrent 

increase in the percentage of T-bet single positive (T-bet
+
)  cells (data not shown).  171911 

TCR engineered cells, in contrast, maintained a steady percentage of T-bet
+
GATA3

+
 cells at 

these higher concentrations of pC2 (Figure 12).  These results suggest that the Th1/Th2 

hybrid phenotype was regulated at the transcription factor level. Thus TCR avidity can 

affect the T-helper phenotype of unskewed naïve CD4 T cells. 

When the 17195 and 171911 TCRs were expressed in human effector memory 

CCR6
+ 

(CD196) CD4 T cells and stimulated with pC2, a mixed phenotype was observed, 

consisting of Th17, Th1 and Th17/Th1 hybrid cells.  In humans it has been shown that CD4 

T cells expressing the chemokine receptor CCR6 preferentially differentiate to Th17 

cells[126].  In our flow cytometry sorting protocol using healthy donor peripheral blood, 

CCR6
+
 cells are seen in the effector memory population of CD4 T cells, while they are 

absent from naïve (CD45RA
+
) CD4 T cells (Figure 13A).  Accordingly, 17195 and 171911 

TCR engineered CCR6
+
 cells exhibited a combination of Th1 (based on IFN expression), 

Th17 (based on IL-17A expression) and Th17/Th1 hybrid phenotypes when stimulated by 
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either the specific cognate antigen pC2 (Figure13B) or by non-specific antigens (data not 

shown).  The highest pC2 concentrations resulted in smaller percentage of Th17 cells (26% 

versus 43% and 39%) with a concomitant increase of Th1 (24% versus 16% and 20%) and 

Th1/Th17 hybrid cells (34% versus 14% and 21%)for 17195 TCR engineered cells.  Such a 

decrease was not observed for 171911 TCR engineered cells  likely due to the low avidity 

pC2 interactions.  These results suggest that strong TCR stimulation negatively regulates 

Th17 cells under these conditions. 

Phenotype of T-helper differentiated TCR engineered cells after antigen specific activation 

The effect of TCR avidity for the cognate antigen on CD4 cells pre-differentiated to 

T-helper subsets was evaluated next.  These experiments tested the extent to which the 

engineered TCRs modulate CD4 cells that have already been differentiated to a specific T-

effector phenotype.  To start, healthy donor naïve CD4 T cells were isolated from peripheral 

blood and differentiated to Th1 or Th2 subsets or left undifferentiated, i.e. Th0.  The higher 

avidity 17195 TCR was then expressed in each subset via retroviral transduction.  For these 

experiments, only 17195 TCR engineered cells were investigated because of their observed 

greater proliferation at lower concentrations of pC2 relative to cells expressing the 171911 

TCR.  Avidity and signal strength in these experiments was thus modulated by changes in 

antigen concentration. Of note, transduction alone did not affect the differentiation of the 

cells.  TCR transduced cells had T-helper phenotypes that were indistinguishable from 

untransduced differentiated cells (Figure 14).  Pre-differentiated TCR engineered cells were 

stimulated with either 0.005g/ml (low concentration) or 0.05g/ml (high concentration) of 

pC2.  These two concentrations were chosen because they exhibited the best differential in 

proliferation kinetics for 17195 TCR engineered cells.    
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Figure 11.  TCR avidity for specific antigen can control proportion of  

IFN-
+
 IL-4

+
 co- expression in human TCR engineered cells  

Left: Representative FACS plots of IFN- (Y axis) and IL-4 (X axis) 

intracellular cytokine expression of 48hrs rested and PMA/I re-stimulated GFP
+
 

proliferated 17195 TCR (top) and 171911 TCR (bottom) undifferentiated  

naïve (CD45RA
+
 CCR6

-
) engineered cells after a 4 day stimulation with 

0.5g/ml of pC2 in the presence of irradiated human DR1 PBMCs.  Right: 

Line graphs show percentage of IFN-
+ 

(closed circles), IFN-
+
/IL-4

+ 
(hollow 

circles) and IL-4
+ 

(open squares) expressing 17195 TCR (top) and 171911 

(bottom) engineered cells following a 4 day stimulation against a dose titration 

curve of pC2 at concentrations indicated in g/ml.  Background cytokine 

expression of the engineered cells was determined by incubating the cells for 4 

days with no antigen (i.e. 0g/ml of pC2) in the presence of irradiated human 

DR1 PBMCs.  Each point and error bar represent mean ± SEM of at least three 

independent experiments with three different donors.  IFN-
+
/IL-4

+ 
% 

expression  at
 /

5.0  and 10 g/ml of pC2 between 17195 and 171911 TCr 

engineered cells statistically significant by paired t- test, p value <0.05. 
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Figure 12.  T-bet
+
GATA3

+
 frequency is increased in lower avidity 

human TCR engineered cells stimulated with pC2 

Bar graph showing the percentage of T-bet
+
 GATA3

+  
expressing cells 

among GFP
+
 proliferated 17195 TCR (closed bars) and 171911 TCR 

(open bars) undifferentiated naïve engineered cells after a 4-day 

stimulation with the indicated concentrations of pC2 in the presence of 

-irradiated DR1 PBMCs.  Error bars represent mean ± SEM of at 

least three independent experiments with three different donors. 

 * indicates p-value <0.05, ns =non significant by paired t-test. 
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Figure 13.  TCR avidity for specific antigen can modulate IL_17A  

expression in human effector memory TCR engineered cells 

A.  Representative FACS contour plot showing CD45RA (APC conjugated, Y 

axis) and CCR6, also known as CD196 (BV421 conjugated, X axis) staining of 

pre-FACS sorted healthy human donor peripheral blood CD4 T cells.  Pre-sorted 

peripheral blood was enriched for CD4 T cells and this enriched population was 

gated on live CD4
+ 

CD25
lo 

cells.  B.  Representative FACS plots showing IFN- 

(Y axis) and IL-17A (X axes- top plots) or IL-4 (X axes- bottom plots) 

intracellular cytokine expression of GFP
+
 proliferated 17195 and 171911 TCR 

undifferentiated effector memory (CD45RA
-
 CCR6

+
)
 
engineered cells after a 4-

day stimulation with the indicated concentrations (g/ml) of pC2 in the presence 

of -irradiated DR1 PBMCs.  Experiment was repeated on three independent 

occasions with SEMs not exceeding 5% for each gated quadrant percentile.  Plots 

show TCR engineered CCR6
+ 

cells from two different donors.  
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When cultured with irradiated DR1 PBMCs and stimulated with pC2 for 4 days (96 

hours), the proliferated Th1 differentiated 17195 TCR engineered cells showed a reduction 

in the frequency of IFN- expression relative to cells stimulated with no pC2.  On average, 

62%  of Th1 differentiated 17195 TCR engineered cells stimulated with no pC2 expressed  

IFN- (Figure 15).  These same cells, however, when stimulated with low and high 

concentrations of pC2 had on average a 41% and 33% IFN-expression frequency, 

respectively (Figure 16).  Thus, although observed following stimulation with both low and 

high concentrations of pC2, the IFN- reduction was greater with the higher concentration.  

A loss of viable cells was not responsible for the observed IFN- reduction.  Surprisingly, 

this reduction was observed despite an increase in T-bet
+
 cells at low (0.005 g/ml) and high 

(0.05 g/ml) pC2 concentrations compared to no pC2.  This increased percentage of T-bet
+
 

cells was reflected in the concomitant decrease of T-bet
+
 GATA3

+
 cells observed after 

stimulation the low and high  pC2 concentrations (Figure 17).   

Even with the reduction in IFN- expression the Th1 differentiated 17195 TCR 

engineered cells largely preserved their Th1 phenotype following pC2 stimulation.  The 

cells did not acquire another T-helper phenotype, i.e. Th0 or Th2.   

Similar to those that were Th1 differentiated, Th2 differentiated 17195 TCR 

engineered cells also preserved their phenotype following pC2 stimulation (Figure 16).  

Stimulation with the high concentration of pC2, however, resulted in a smaller percentage of  
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Figure 14.  Retroviral transduction does not affect the 

T- helper differentiation of human TCR engineered cells 

Bar graph comparing % T-helper cytokine (IFN-, IL-4 and  

IL-17A) expression of untransduced and TCR transduced 

naïve (sorted CD45RA
+
 CCR6

- 
CD25

 - 
used for Th1 and Th2 

differentiation) and CCR6
+ 

(sorted CD45RA
- 
CD25

 - 
used for 

Th17 differentiation CD4
+
 T cells.  Differentiation and  

cytokine staining was performed as described in Material and 

Methods.  Error bars represent mean ± SEM of at least three 

independent experiments for both untranduced and 

transduced cells with up to three donors.  No statistical 

difference observed between cytokine expression and 

transduction status for each T-helper condition using paired 

 t-test. 
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Figure 15.  Phenotype of non-pC2 stimulated  

pre- differentiated human 17195 TCR engineered cells 

Representative FACS plots showing IFN- (all Y axes) and IL-2 or IL-4  

(X axes) expression of CD4
+
 T cells differentiated under Th0, Th1 and Th2 

conditions and subsequently transduced with 17195 TCR encoding virus.  

Differentiated TCR engineered cells were then cultured for 4 days without 

antigen in the presence of -irradiated DR1 PBMCs.  After 4 days cells 

were washed, rested for 48hrs, and subsequently re-stimulated with PMA/I.  

Cells were then stained intra-cellularly for cytokines and analyzed by 

FACS.  Cells were gated on viability, CD4
+
 GFP

+
 expression and 

proliferation.  Experiment was repeated on two independent occasions with 

SEMs not exceeding 5% for each gated quadrant percentile. 
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Figure 16.  Avidity has little affect on the phenotype of pC2 stimulated 

pre- differentiated human 17195 TCR engineered cells  

A.  Representative FACS plots showing IFN- (all Y axis) and IL-2 or IL-4  

(X axes) expression of CD4
+
 T cells differentiated under Th0, Th1 and Th2 

conditions  and subsequently transduced with 17195 TCR encoding virus.    

Differentiated TCR engineered cells were then stimulated for 4 days with 

specific antigen pC2 at 0.005g/ml in the presence of -irradiated DR1 

PBMCs.  After 4 days cells were washed, rested for 48hrs, and subsequently  

re-stimulated with PMA/I.  Cells were then stained intra-cellularly for 

cytokines and analyzed by FACS.  Cells were gated on viability, CD4
+
,GFP

+
 

expression and proliferation.  B.  Cells prepared and treated as in A but 

stimulated with pC2 at 0.05 g/ml. Experiment was repeated on two 

independent occasions with SEMs not exceeding 5% for each gated quadrant 

percentile. 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



43 
 

IL-4 expressing cells, 2%, relative to no pC2 and the low concentration pC2, 7% and 

6%, respectively (Figures 15 and 16). 

The observed loss of IFN- expressing Th1 differentiated cells at the higher pC2 

concentrations was seemingly at odds with the loss of T-bet
+
 GATA3

+ 
and thus concurrent 

increase in T-bet
+
 cells (Figure 17 and data not shown).  This may have been due to a 

negative feedback mechanism that suppressed IFN- at high stimulation but had no effect on 

T-bet expression or a transient kinetic occurrence where IFN- production was episodic. 

A reduction in IL-4 expressing Th2 differentiated cells at higher pC2 concentrations 

was observed among all donors tested (data not shown).  Interestingly, despite the 

diminution of IL-4 expressing cells, the percentage of T-bet
+
 GATA3

+ 
cells was stable 

following stimulation with no pC2, low and high pC2 concentrations (Figure 17).  This 

suggests either the loss of IL-4 expression at the high pC2 concentration was transient and 

possibly may have increased at a different time point or GATA3 expression alone is not 

indicative of IL-4 expression and maintenance in human Th2 cells[127, 128].  

Consistent with results shown earlier in this chapter, Th0 (undifferentiated) 17195 

TCR engineered cells rapidly exhibited a loss in the frequency of IFN-

IL


hybrid cells 

following stimulation with low and high concentrations of pC2 compared to no pC2 (16%  

and 3% versus 31%, respectively)(Figures 15 and 16).  

Taken together, these results suggest pre-differentiated TCR engineered cells can 

maintain their T-helper phenotype after antigen specific proliferation.  Although greater 

TCR stimulation via higher concentrations of specific antigen can result in diminutions of 

Th1 and Th2 signature cytokines, plasticity of the cells is not observed.   
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Figure 17.  T-bet
+
 GATA3

+
 frequency of pre-differentiated human 17195 TCR 

engineered cells 

Bar graph showing the percentage of T-bet
+
 GATA3

+  
double positive  cells among GFP

+
 

proliferated  Th1 differentiated 17195 TCR (black bars-left) Th2 differentiated 17195 

TCR (vertical stripped bars -right) stimulation with the indicated concentrations of pC2 in 

the presence of -irradiated DR1 PBMCs.  After 4 days cells were washed, rested for 

48hrs, and subsequently re-stimulated with PMA/I.  Cells were then stained intra-

cellularly for cytokines and analyzed by FACS.  Error bars represent mean ± SEM of at 

least three independent experiments with three different donors.  ANOVA results show 

significant differences between the T-bet
+
GATA3

+
 frequency of Th1 pre-differentiated 

17195 TCR engineered cells at higher pC2 concentrations relative to no antigen 

stimulation.  ns  indicates not significant, ** indicates p-value<0.005. 
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Phenotype of TCR engineered cells under T-helper differentiation conditions after antigen 

specific activation  

After determining how TCR avidity for the cognate antigen could help maintain or 

attenuate the T-helper phenotype of proliferating, pre-differentiated engineered cells, we 

next tested how this avidity affected T-helper differentiation of the engineered cells.  We 

asked if T-helper differentiation could be accelerated in the presence of cognate antigen and 

if TCR avidity could promote or impair T-helper fates.  Human naïve (CD45RA
+ 

CCR6
-
 ) 

CD4
+
T cells were transduced with either high-avidity 17195 TCR or low-avidity 171911 

TCR and cultured with human irradiated DR1 PBMCs, a high or low concentration of the 

cognate antigen pC2, under Th0, Th1 or Th2 differentiating conditions.  To study Th17 

differentiation, human effector memory (CD45RA
-
 CCR6

+
) 17195 and 171911 TCR 

engineered CD4
+ 

T cells were utilized.  These TCR engineered cells were cultured for 96 

and 168 hours based on peak cognate antigen proliferation (96 hours- Day 4) and maximal 

T-helper subset differentiation (168 hours- Day 7).  To analyze the 168 hour time point, 

antigen was washed away after 96 hours and the cells resuspended under appropriate T-

helper differentiation conditions for the remaining 72 hours. 

At 96 hours, the higher-avidity 17195 TCR engineered cells stimulated with both 

high (0.05g/ml) and low (0.005g/ml) pC2 concentrations under Th1 differentiating 

conditions were successfully skewed to Th1 cells, based on the high frequency of IFN- 

expressing cells (91%), and lack of IL-4 expressing populations (>1%) (Figure 18A).  In 

contrast, the lower-avidity 171911 TCR engineered cells failed to differentiate to a Th1 

phenotype after 96 hours and instead had a lower frequency of IFN- expressing cells 

(70%) and higher IL-4 expressing populations (15%) at the low pC2 concentration (Figure 
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18B).  Moreover, at the high pC2 concentration, these 171911 TCR engineered cells had a 

pronounced Th1/Th2 hybrid phenotype based on a high frequency (36%) of IFN-
+
/IL-4

+
 

cells (Figure 18B).  

When Th2 differentiation was assessed for the TCR engineered cells at 96 hours, 

both the 17195 TCR and 171911 TCR engineered cells lacked a Th2 cytokine signature 

reflected in the lack of IL-4 expressing cells (Figure 18A and B).  This observation was 

consistent with the phenotype of untransduced naïve human CD45RA
+
 CCR6

-
 cells 

differentiated under Th2 conditions for 96 hours.  Similarly, consistent with our Th17 

differentiating times for untransduced human CD45RA
-
 CCR6

+ 
cells, none of the TCR 

engineered cell exhibited an optimal Th17 cytokine signature (in terms of IL-17A 

expression) at 96 hours following stimulation with either high or low pC2 concentrations 

(Figures 18A and B).  

Having determined that cognate antigen stimulation did not accelerate differentiation 

of the TCR engineered cells to Th2 and Th17 effector phenotypes, cells were harvested at 

the 168 hour (Day 7) time point.  As mentioned above, this time point was optimal for  

T-helper differentiation of untransduced human naïve CD4 T cells to Th1 and Th2 

phenotypes, and of effector memory cells to the Th17 phenotype.  When cultured under Th1 

conditions and stimulated at the low concentration of pC2, 17195 TCR engineered cells 

exhibited a 72% frequency of IFN-
+ 

/IL-4
+ 

double producers at 168 hours, a phenotype 

uncharacteristic of Th1 cells (Figure 19A).  At the high concentration of pC2, the frequency 

of IFN-
+ 

/IL-4
+ 

double producers among these 17195 TCR engineered cells was reduced to 

40%.  Despite this reduction, the phenotype remained uncharacteristic of Th1 cells (Figure 

19A).  In contrast, 171911 TCR engineered cells successfully differentiated to Th1 cells at 
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168 hours . These 171911 TCR engineered cells exhibited between an 88% and 91% 

frequency of IFN- expressing cells with no IL-4 single expressing cells at both the low and 

high pC2 concentrations (Figure 19B).  However, there was a slightly higher frequency-  

22% at low and 28% at high pC2 stimulation-  of IFN-
+ 

/IL-4
+ 

double producers among 

these 171911 TCR engineered cells compared to 17195 TCR engineered cells at 96 hours 

under Th1 conditions.  This is evident when comparing the percent cytokine expression of 

“Th1 Day 7” 171911 TCR engineered cells (Figure 19B) with that of “Th1 Day 4” 17195 

TCR engineered cells (Figure 18A).  As mentioned earlier, the 96 hour time point, at both 

low and high pC2 stimulation, yielded successful Th1 differentiation of 17195 TCR 

engineered cells.   

When Th2 differentiation was assessed at 168 hours, 17195 TCR engineered cells 

stimulated with low dose (0.05 g/ml) pC2 concentration exhibited a Th2 cytokine signature 

based on a low frequency(<10%) of IFN-expressing cells and a high frequency (25%)of 

IL-4 singly expressing cells(Figure 20).  In contrast, 171911 TCR engineered cells required 

a ten-fold higher (0.5 g/ml) pC2 concentration to differentiate to a Th2 phenotype.  This 

TCR avidity based modulation of Th2 differentiation was also observed with different donor 

provided CD4 T cells.  Interestingly, 17195 TCR engineered cells showed a statistically 

significant decrease in IL-4 expression when stimulated at the high dose (0.5 g/ml) 

pC2(Figure 20).  This same high dose pC2 resulted in a statistically significant increase in 

IL-4 expression for 171911 TCR engineered cells (Figure 20).  Thus, human Th2 

differentiation was driven by TCR avidity; the higher avidity 17195 TCR engineered cells 

required one order of magnitude less specific antigen concentration than the lower avidity 

171911 TCR engineered cells to acquire a Th2 phenotype.  Moreover, stimulation with the 
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higher concentration of specific antigen abrogated the Th2 phenotype for the high avidity 

17195TCR engineered cells (Figure 20).   This suggests there was an avidity threshold or 

window in which Th2 differentiation was permissible. 

Successful Th17 differentiation, based on total IL-17A expression, at 168 hours was 

achieved for the 17195 TCR engineered cells at both low and high dose pC2 stimulation.  

The 171911 TCR engineered cells had a lower frequency (5%) of total IL-17A expressing 

cells at this time point compared to mock and 17195 TCR engineered cells (on average 

15%) ( data not shown and Figure 19).  The reduced population of IL-17A expressing 

cells correlated with a high frequency (19%) of total IL-4 expression among the 171911 

TCR engineered cells (Figure 19).  In comparison, under the same conditions 17195 TCR 

engineered cells and mock engineered cells exhibited, on average, a 3% frequency of total 

IL-4 expressing cells (Figure 19).  The high frequency of IL-4 expression may have 

affected the Th17 differentiation of 171911 TCR engineered cells.  This would be consistent 

with reports showing that IL-4 can dampen Th17 differentiation [129, 130].  Of note, 17195 

TCR engineered cells stimulated with anti()-CD3, a strong polyclonal T cell activator, 

exhibited a reduced frequency (>1%) of total IL-17A expressing cells relative to the 

frequency observed (26%) when stimulated with no antigen (Figure 21).  This corroborates 

reports that strong TCR stimulation down regulates IL-17A expression[131].  This reduction 

was not evident in 171911 TCR engineered cells likely due to the baseline frequency of IL-4 

expression among these cells even when stimulated with no antigen.  
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Figure 18.  Day 4: high TCR avidity can accelerate Th1 but not Th2 or 

Th17 differentiation of human TCR engineered cells 

A.  Graphs of Day 4 (96hrs) % T-helper cytokine expression of 17195 TCR 

engineered cells cultured under Th1, Th2, or Th17 differentiating conditions 

in the presence of -irradiated DR1 PBMCs and stimulated with either low-

dose pC2 (0.005 g/ml for Th1 and Th17 conditions and 0.05 g/ml for Th2 

conditions) (top graph) or high-dose pC2 (0.05g/ml for Th1 and Th17 

conditions and 0.5 g/ml for Th2 conditions) (bottom graph). After 4 days 

cells were washed, rested for 48hrs, and subsequently re-stimulated with 

PMA/I.  Cells were then stained intra-cellularly for cytokines and analyzed 

by FACS. Data is representative of two different donors.  All cells gated on 

viability, CD4
+
 GFP

+
 expression and

 
proliferation. X axes on graphs show T-

helper differentiating condition and incubation time.  B.   Graphs as in A for 

171911 TCR engineered cells.  
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Figure 19.  Day 7:  cytokine profile of TCR engineered cells stimulated 

with specific antigen in the presence T-helper differentiating conditions 

A.  Graphs of Day 7 (168hrs) % T-helper cytokine expression of 17195 TCR 

engineered cells cultured under Th1, Th2, or Th17 differentiating conditions 

in the presence of -irradiated DR1 PBMCs and stimulated with either low-

dose pC2 (0.005g/ml for Th1 and Th17 conditions and 0.05g/ml for Th2 

conditions) (top graph) or high-dose pC2 (0.05g/ml for Th1 and Th17 

conditions and 0.5g/ml for Th2 conditions) (bottom graph). After 7 days 

cells were washed, rested for 48hrs, and subsequently re-stimulated with 

PMA/I.  Cells were then stained intra-cellularly for cytokines and analyzed 

by FACS. Data is representative of two different donors.  All cells gated on 

viability, CD4
+
 GFP

+
 expression and

 
proliferation.  X axes on graphs show 

T-helper differentiating condition and incubation time.  B.  Graphs as in A 

for 171911 TCR engineered cells.   
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Figure 20.  Low TCR avidity can drive Th2 differentiation 
Bar graphs showing Day 7 (168hrs) % T-helper cytokine expression of GFP

+
  

and proliferated 17195 TCR engineered cells (left) and 171911 TCR engineered 

cells (right) stimulated with either low dose pC2 (0.05 g/ml) or high dose pC2 

(0.5 g/ml) in the presence of Th2 differentiating conditions and  

-irradiated DR1 PBMCs.  After 7 days cells were washed, rested for 48hrs, and 

subsequently re-stimulated with PMA/I.  Cells were then stained intra-cellularly 

for cytokines and analyzed by FACS.  All cells gated on viability, CD4
+
 GFP

+
 

expression and
 

proliferation.  Error bars represent mean ± SEM of two 

experiments with samples assayed in triplicate.  % IL-4 expression data 

analyzed with paired t-test.  * indicates a p-value <0.05. 
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Figure 21.  Strong TCR stimulation via CD3 and IL-4 expression 

abrogates Th17 differentiation of TCR engineered cells 

Graphs of Day 7 (168 hrs) % T-helper cytokine expression of 17195 TCR 

and 171911 TCR engineered cells cultured under Th17 differentiating 

conditions in the presence of -irradiated DR1 PBMCs and either no antigen 

or polyclonal T cell activator CD3 at 0.05 g/ml.  After 7 days cells were 

washed, rested for 48hrs, and subsequently re-stimulated with a PMA/I.  

Cells were then stained intra-cellularly for cytokines and analyzed by FACS. 

Data is representative of two different donors.  All cells gated on viability, 

CD4
+
, GFP

+
 expression and

 
proliferation.   
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In addition to the cytokine data, expression of the master T-helper transcription 

factors T-bet, GATA3 and RORtwere measured as markers for T-helper differentiation of 

the TCR engineered cells.  Although it is known that all three of these transcription factors 

can be expressed simultaneously in undifferentiated naïve cells[132, 133] and, in our hands, 

effector/memory CD4
+ 

T cells, shifts in expression frequency of each transcription factor 

can be observed following differentiation.  Surprisingly, there is a dearth of reports 

analyzing protein expression of human T-helper transcription factors, particularly by 

intracellular FACS staining, in CD4 T cells undergoing subset differentiation.  Thus it was 

of great value to analyze these transcription factors not just for this study but also to 

contribute data to an area of human T cell immunology that is under-investigated. 

T-bet
+
 GATA3

+
 double positive expression was measured for both TCR engineered 

cells under Th0 and Th1, Th2 and Th17 differentiating conditions.  GATA3
+
 and RORt

+
 

single positive cells were not observed despite successful Th2 and Th17 differentiation, 

respectively, of the TCR engineered cells.  Higher T-bet
+
 GATA3

+
 frequency is associated 

with a more Th2 phenotype.  Proliferated 17195 TCR engineered cells exhibited a higher 

frequency of  T-bet
+
 GATA3

+
 expressing cells in Th2 relative to Th0 and Th1 and Th17 

differentiating conditions for day 4 low and high dose pC2 stimulation and day7 low dose 

pC2 stimulation (Figure 22).  At day 7 high dose pC2 stimulation, the frequency of T-bet
+
 

GATA3
+
 expressing 17195 TCR engineered cells under Th2 differentiating conditions was 

lower than those under Th17 differentiating conditions.  This is interesting because the   

T-bet
+
 GATA3

+
 expression frequency of 17195 TCR engineered cells under Th17 

differentiating  conditions was below 10% for all time points and pC2 stimulations except 

for the day 7 high dose where the frequency was 90%.  This is consistent however with high 
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antigen stimulation abrogating Th17 differentiation.  The marked increase in the frequency 

of  T-bet
+
 GATA3

+
 expressing cells at high antigen stimulation may reflect the initiation of 

a negative feedback program at the transcription factor level.  Both T-bet and GATA3 are 

reported to antagonize Th17 differentiation[134, 135].  This change at the transcription 

factor level was not observed in the cytokine profile of 17195 TCR engineered cells under 

Th17 differentiating conditions.  These cells exhibited a successful Th17 phenotype with the 

same frequency of total IL-17A expressing cells at day 7 low and high dose pC2 

stimulation.  

Proliferated 171911 TCR engineered cells under Th2 conditions exhibited an 

increased frequency of T-bet
+
 GATA3

+
 expressing cells relative to cells under Th0, Th1 and 

Th17 conditions at day 4 low dose and day 7 high dose pC2 stimulation (Figure 22).  This 

day 4 low dose result was unexpected since 171911 TCR engineered cells did not exhibit a 

Th2 phenotype at this time point (Figure 18B).  Of note, day 7 low and high dose pC2 

stimulated 171911 TCR engineered cells under Th17 differentiating conditions showed a 

decrease in the frequency (40% at low and 15% at high dose pC2) of T-bet
+
 GATA3

+
 

expressing cells relative to cells at day 4 stimulated with both pc2 doses (78% at low and 

63% at high dose pC2) (Figure 22).  This decreased T-bet
+
 GATA3

+
 frequency was 

concurrent with the decrease in IL-4 expression observed in these cells under Th17 

differentiating conditions at day 7 low and high dose pC2(Figure 19B).  This suggests again 

that certain levels of IL-4 expression inhibit Th17 differentiation.   

Day 7 T-bet
+
 GATA3

+
 expression frequency data for 17195 and 171911 TCR 

engineered cells stimulated with 0.5g/ml pC2 under Th2 differentiating conditions was not 

measured.  This was the time and pC2 dose which successful Th2 differentiation of 171911 
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TCR engineered cells was observed.  This and transcription factor data from repeat 

experiments will have to be collected and analyzed before reaching statistical conclusions.  

Nonetheless, our data preliminarily suggests that TCR avidity controls both T-helper master 

transcription factor and cytokine expression during human T-helper cell differentiation. 
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Figure 22.  Comparison of T-bet
+
 GATA3

+
 expression of human TCR 

engineered cells following antigen specific stimulation under T-helper 

differentiating conditions  

Bar graphs comparing T-bet
+
 GATA3

+
 master T-helper transcription factor co- 

expression between TCR engineered cells under specified T-helper differentiating 

conditions in the presence of -irradiated human DR1 PBMCs after: Day 4 

stimulation with pC2 at 0.005 g/ml (top left) and at 0.05g/ml (top right) and  

Day 7 stimulation with pC2 at 0.005 g/ml (bottom left) and at 0.05g/ml (bottom 

right).  All cells are gated on viability CD4
+
, GFP

+ 
expression and proliferation.  

Data represents a single donor. 
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Discussion 

Herein we investigated the role that TCR avidity/functional affinity for cognate 

antigen plays in driving T-helper phenotypes of human CD4 T cells engineered to express 

specific TCRs.  CD4 T-helper cells play a pivotal role in directing immune responses and 

ensuring long lasting protection from repeat assaults.  As antigen-specific adoptive T cell 

therapies are an increasingly viable option to control and ameliorate not only cancer but also 

other disorders[136-139], the ability to manipulate and harness the functional properties of 

TCR engineered CD4 T cells has readily apparent applications.  It is appreciated, for 

example, that Th2 cells promote robust antibody responses.  Therefore, Th2-centered 

adoptive therapy could help vaccination strategies targeted for humoral immunity.  

Although both Th1 and Th2 cells have been implicated in promoting effective cytotoxic 

lymphocyte (CTL) responses against tumors, research suggests that Th1 cells are more 

efficient at generating the essential anti-tumor CTL memory repertoire[140, 141].  Th17 

cells also can also be used therapeutically to treat certain disorders[142, 143].  Thus, 

development of methods to generate and/or maintain T-helper differentiation of human TCR 

engineered cells is timely.  To the best of our knowledge, this is the first study to investigate 

antigen-specific TCR avidity and its effects on the T-helper phenotypes of human TCR 

engineered cells. 

We evaluated CD4 T cells transduced with two TCRs that were HLA-DR1-restricted 

and specific for a Factor VIII C2 domain peptide (pC2).  These TCRs had different avidities 

for the cognate antigen pC2 as assessed by dose proliferation and tetramer staining.  The 

higher avidity 17195 TCR engineered cells required 100 fold less pC2 concentration to 

undergo proliferation above background levels, relative to the lower avidity 171911 TCR 
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engineered cells.  Of interest, the pC2-stimulated 171911 TCR engineered cells consistently 

had a greater percentage of IFN
+ 

/IL-4
+
 double producers relative to 17195 TCR engineered 

cells.  Although based on just two TCRs, this observation suggests that lower avidity of an 

exogenous TCR for its cognate antigen can steer human T cells to a Th1/Th2 phenotype.  

These observations also indicate that Th1/Th2 human T-helper cells can exist at certain 

TCR signaling thresholds, mirroring findings reported in murine models of T-helper cell 

differentiation in vivo and in vitro[144].  Reports have also shown that Th1/Th2 cells are 

stable and may represent a more potent T-helper phenotype during an immune 

response[145, 146].   

We also investigated how the TCR avidity of TCR engineered cells affected the 

maintenance and stability of their pre-differentiated T-helper phenotypes.  We observed that 

modulations in their Th1 and Th2 phenotypes were dependent on cognate antigen 

concentration.  For both Th1 and Th2 imprinted TCR engineered cells, stimulation with 

higher pC2 concentrations reduced the number of IFNand IL-4 single-expressing cells, 

respectively.  This reduction may be due to a negative regulatory program initiated in the 

cells after strong TCR stimulation or could have been a transient phenotype[146, 147]. 

In these pre-differentiated experiments, it is not surprising that the T-helper 

phenotype was mostly preserved following pC2 stimulation.  Overcoming T-helper 

imprinting and observing plasticity without addition of extrinsic cytokines or other 

immunomodulatory factors was an unlikely event in these assays.  Of note, studies have 

suggested that in vitro and in vivo skewing can have disparate effects on epigenetic 

modifications[148, 149].  The epigenetic signature of T-helper differentiated cells can 

influence the degree of plasticity and stability of the cell phenotype[148].  Nonetheless, the 
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present study does confirm that in vitro T-helper skewed TCR engineered cells can maintain 

their phenotype following cognate antigen stimulation. 

We also tested whether TCR avidity, and by extension signal strength, predominates 

both the APC-provided co-stimulation and the cytokine milieu during subset fate decisions.  

In these experiments, the TCR engineered cells were cultured with irradiated PBMCs and 

stimulated with different concentrations of pC2 under T-helper differentiation conditions.  

High avidity TCR interactions with cognate antigen can accelerate Th1 differentiation 

relative to differentiation following low-avidity interactions.  The high avidity TCR 

engineered cells required four (4) days, as opposed to the expected seven (7) days, for Th1 

differentiation.  This observation was of interest because it suggests that TCR avidity can 

affect the kinetics of T-helper fates.   

Lastly, we demonstrated that Th17 differentiation, as measured by IL-17A 

expression, is affected by strength of TCR signaling.  This observation can be exploited 

when designing Th17 based adoptive therapies.  The choice of a low avidity TCR 

engineered Th17 cell will be of value if the related immunopathology of IL-17A has to be 

balanced with its beneficial effects in pathogen clearance.  
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Chapter 4: Human Th17 cell, a deeper analysis 

 

Introduction 

As mentioned in Chapter 1, human and murine have non-trivial differences in terms 

of in vitro and possibly in vivo differentiation.  These differences are explored in greater 

depth in this chapter.  The results presented do not involve experiments analyzing TCR 

avidity or use TCR engineered cells.  This chapter instead documents current knowledge of 

human Th17 differentiation and results from experiments designed to study this 

differentiation.   Such experiments were designed to answer questions that arose during the 

TCR avidity experiments related to humanTh17 cells and which required a deeper 

understanding of said cells.  

Th17 cells are characterized by IL-17 family cytokine expression and the master 

transcription factor RORtThey have been implicated in the pathology of several 

debilitating and terminal diseases[150].  Not surprisingly, numerous studies have been 

dedicated to understanding Th17 differentiation and regulation in the immune system.  

Having first been identified in mice and owing to the multitude of mouse models available 

to study lymphocytes, it followed that the early groundwork characterizing the phenotypic 

and genotypic traits of Th17 cells took place in the context of murine immunity.  From this 

groundwork many of the extrinsic and intrinsic immunological factors responsible for Th17 

differentiation and maintenance came to light.  Extrinsic factors such as antigen presenting 

cells, innate immune cell cytokine and chemokine production and type of pathogens were 

elucidated[25, 151-155].  So too were the intrinsic factors such as cytokine production, 

master transcription factors, TCR reactivity/recognition, signaling modules and cell surface 
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markers[156-160].  Together the identification of these factors reinforced that Th17 cells are 

a distinct subset/lineage of T-helper cells (separate from Th1 and Th2 subsets) and provided 

researchers potential markers and methods to isolate and generate human Th17 cells.  It 

quickly became apparent, however, that there were non-trivial differences between human 

and mouse Th17 cells[10, 161-163].  These differences were evident in both the in vitro 

Th17 differentiation conditions and the phenotype of the CD4 T-cells used for their 

differentiation. 

Dogma states that T-helper subsets derive from naïve CD4 T cell precursors that, 

once activated through their TCR by the cognate peptide/MHCII complex and receiving co-

stimulatory signals, are exposed to cytokines that differentiate or skew them toward a 

particular subset phenotype.  Naïve CD4 T cells in humans and mice are defined by a 

combination of surface marker stainings such as CD45RA
+
CD25

-
CD44

lo 
and CD62L

+
.  

Both human and mouse naïve cells have been shown to differentiation to Th1 and Th2 

subsets under similar in vitro conditions [164, 165].  Th1 conditions are: anti-CD3 and anti-

CD28 (providing polyclonal TCR and co-stimulatory receptor activation, respectively) the 

cytokine IL-12 and anti-IL-4.  Th2 conditions are: anti-CD3 and anti-CD28, IL-4 and  

anti IFN-  

Th17 differentiation conditions, in contrast, have proven less certain for human 

naïve cells compared to those of mice.  While naïve cells of mice have been shown to 

differentiate to a Th17 subset phenotype in the presence of IL-1 IL-6, TGF  anti IFN- 

and anti IL-4 (with IL-23 being used for phenotype maintenance)[164, 166], much debate 

has centered upon the exact conditions necessary for human Th17 differentiation.  For 

example, the use of and need for TGF-and IL-6 to effect human Th17 differentiation has 
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been questioned.  There are reports concluding that TGF-is essential to human Th17 

differentiation while others report it is non-essential[167-170].  Part of the questionable 

need of TGF-is due to the close relationship between Th17 cells and the 

immunosuppressive T regulatory cells  

(T-regs)[171-174].  It has been reported that differentiation of naive CD4 T cells with  

TGF-and either IL-6 or IL-1 can result in a Th17 phenotype; whereas TGF- alone or in 

combination with retinoic acid lead to a T-reg phenotype characterized by a lack of 

inflammatory cytokine expression such as IFN-, TNF- and IL-17A.  This close 

relationship can obfuscate the use of TGF- in human Th17 differentiating conditions. 

The use of serum containing or serum free media for human Th17 differentiation has 

also contributed to the questionable necessity of TGF-   Several reports have shown 

successful human Th17 differentiation of naïve CD4 T cells in serum free conditions[175, 

176].  However, adapting primary cells to serum free media is difficult and can hinder cell 

growth and survival.  Nonetheless serum free media can contain chemically defined 

components not present in serum containing media, notably aromatic amino acids which can 

serve as ligands for the aryl hydrocarbon receptor (AHR).  This is notable because ligand 

activated AHR is a transcription factor shown to regulate both T-reg and Th17 

differentiation[177, 178].  The presence or absence of these aromatics in the media has been 

implicated in part for discrepant human Th17 differentiation outcomes[179]. 

As with TGF-, the need for IL-2 in human Th17 differentiation has also been 

unclear.  In vitro Th1 and Th2 differentiation of naïve human CD4 T cells is supported by 

IL-2 addition to the media.  IL-2 plays an important role in the survival of naïve human T 

cells in culture[180].  However, IL-2 has been reported to inhibit human Th17 
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differentiation[181, 182].  Titrating and thus optimizing the concentration of IL-2 used may 

aid in striking the balance between cell survival and successful Th17 differentiation.   

The type and quantity of co-stimulation needed for human Th17 differentiation are 

an additional point of debate.  Co-stimulation provided by anti-CD28 (which mimics the 

engagement of CD28 co-receptor on T cells with CD80 or CD86 on antigen presenting 

cells) has been well accepted to promote human Th1 and Th2 differentiation.  There are 

studies showing co-stimulation with anti-CD278 also known as ICOS (inducible T–cell co-

stimulator) is optimal for human Th17 differentiation and IL-17 expression[183, 184].  

These studies are strengthened by the data showing that CD28 can actually abrogate Th17 

differentiation[185].  Co-stimulation with anti-CD5 has also been reported to preferentially 

promote Th17 differentiation over that of anti-CD28[27].  The different types of  

co-stimulation used can reasonably be expected to affect human Th17 differentiation.  This 

is especially true if these co-stimulatory molecules have non-redundant roles in initiating 

signaling cascades essential for Th17 cells[158, 186].   

Possibly most important among the non-trivial differences between human and 

murine Th17 cells, is the starting population used for differentiation of these cells.  Murine 

Th17 cells can differentiate from naïve CD4 T cells.  However the starting population for 

human Th17 cells is a point of debate.  Aside from naïve CD4 T cells, groups have shown 

that human Th17 cells preferentially differentiate from CD4 T cells precursor that express 

CD161 (also known as NKRP1A), CD196 (also known as CCR6 and referred to hereon as 

such) and IL-1R,
 
 either singly or in combination[10, 21, 174, 187, 188].  Additionally, there 

is at least one report that human Th17 cells differentiate primarily from naïve T-regs[189].   
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The inability to identify an exact starting population for human Th17 differentiation 

results in the inability to compare data on Th17 related immunopathology between groups 

and more importantly, to reproduce their methods.  Interestingly, CD161 and CCR6 are 

characterized as memory markers on CD4 T cells.  This is an interesting conundrum 

because a memory phenotype is not easily reconciled with established T-helper 

differentiation dogma.  To address this apparent conundrum, and other questions pertinent to 

human Th17 differentiation arising from our TCR avidity study,  we designed the 

experiments presented in this chapter. 

.  We were successful with Th1 and Th2 differentiation from human naïve CD4 T 

cells.  However, our difficulties using naïve CD4 T cells for Th17 differentiation lead us to 

investigate the relationship between naïve and memory cells as starting populations.  Our 

purpose was to determine which of these populations resulted in successful Th17 

differentiation using different in vitro conditions and assayed by IL-17A, IL-22 and 

RORtexpression.  Additionally, we investigated if co-culture of these populations had an 

affect on their differentiation to Th17 cells.   
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Results 

Human Naïve CD4 T cells and T-regs fail to differentiate to a Th17 phenotype  

We sorted naïve (CD45RA
+
 CD127

+ 
CD25

-
 CCR6

-
) CD4 T cells from healthy 

human donor PBMCs, activated the cells with anti-CD3 and anti-CD28 and cultured in the 

presence of Th17 differentiating conditions for seven (7) days.  Two Th17 differentiation 

conditions were tested.  The first one was: 50 ng/ml of IL-6, 10 ng/ml of IL-1100ng/ml of  

IL-23, 14 ng/ml of TGF-2.5 g/ml of anti-human IFN-and500 ng/ml of anti-human 

 IL-4; and the second one was, as stated in Chapter 3 Materials and Methods for Th17 

differentiation: 20 ng/ml of IL-23, 10 ng/ml of IL-1 and 200 pg/ml of TGF.  Both 

conditions contained IL-2 at 200 Units/ml, used all human cytokines and were based on 

published reports [190-193] and personal communications from Dr. Jerry Nepom’s group at 

the  Benaroya Research Institute in Seattle, WA.  After 7 days the cells were washed, re-

stimulated with PMA/I stained intra-cellularly for cytokines and transcription factors and 

analyzed by FACS.  We did not detect IL-17A expression in naïve cells cultured under 

either of these Th17 conditions (Figure 23).  Strikingly, there was no difference with 

respect to IL-17A expression between naïve cells cultured under Th17 and Th0 (non- 

differentiating) conditions.   

Only the frequency of IFN-expression was decreased (from 5% to 1%) in naïve 

cells cultured under Th17 conditions when compared to Th0 conditions (Figure 23).  In 

contrast, naïve cells cultured under Th1 and Th2 conditions were successfully differentiated 

as measured by IFN-and IL-4 signature cytokine expression, respectively as previously 

shown in Figure 14 and later in Figure 29.   
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To investigate if IL-2 had an inhibitory effect on Th17 differentiation we cultured 

naïve cells under Th17 conditions with no exogenously added IL-2.  Under these conditions 

the viability of naïve CD4 T cells was drastically reduced.  The reduced viability prevented 

sufficient cell proliferation and numbers for differentiation analysis.  To mitigate this 

viability issue we evaluated, separately, the use of titrated amounts of IL-2 and the addition 

of a neutralizing antibody to IL-2 in our Th17 conditions.  Titrated amounts of IL-2, while 

improving viability, did not promote or improve the Th17 differentiation of naïve CD4 T 

cells.  There was no difference in IL-17A expression observed in conditions with low 

titrated amounts compared with higher amounts of IL-2 (data not shown).  Similarly, the use 

of a neutralizing IL-2 antibody for 72hrs did not augment IL-17A expression in naïve T 

cells compared with controls (Figure 23).   

Human T-regs have been reported to preferentially differentiate to Th17 cells[194].  

As mentioned, T-regs and Th17 cells are thought to have an interrelated differentiation 

pathway.  We therefore sorted naïve T-regs (CD4
+
 CD45RA

+
 CD25

+  
 CD127

lo
) from 

peripheral blood and cultured them under Th17 conditions.  Based on intra-cellular staining 

results, T-regs failed to differentiate to Th17 cells.  In fact, T-regs were no better than naïve 

T cells with respect to IL-17A expression (Figure 24).  Instead, the predominant cytokine 

expressed by T-regs under Th17 conditions was IL-2, a cytokine which activated human  

T-regs do not express under Th0 conditions (Figure 30 and data not shown)[195].  The lack 

of Th17 differentiation success with naïve CD4 T cells and T-regs was observed across 

multiple conditions.  These conditions included, using serum free X-VIVO™ media, plate 

bound and bead coated forms of anti-CD3/anti-CD28 activation and co-stimulation.   
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Figure 23.  Human Naïve CD4
+
 T cells fail to express IL-17A after exposure to Th17 

differentiating conditions  

Representative FACS plots showing IFN- (Y axes) and IL-17A (X axes) expression of 

human naïve (CD4
+
CD25

- 
CD127

hi 
CD45RA

+ 
CCR6

-
) T cells  cultured under either Th0 

differentiating condition (top left) or two different Th17 conditions for 7 days.  Condition #1 

contained: 50ng/ml of IL-6, 10 ng/ml of IL-1100 ng/ml of IL-23, 14 ng/ml of  

TGF-2.5 g/ml of anti-human IFN-and500 ng/ml of anti-human IL-4 (top right).  

Condition #2 contained: 20 ng/ml of IL-23, 10 ng/ml of IL-1 and 200 pg/ml of TGF 

(bottom left).  When administered, 2g/ml of anti human IL-2 was used for 72hrs (bottom 

right).  Following differentiation, cells were washed, rested for 48 hrs, and re-stimulated with 

PMA/I.  Cells were then stained intra-cellularly for cytokines and analyzed by FACS.  All 

cells were gated on viability and CD4
+
 expression. Antibodies: anti human IFN PeCy7   and 

anti human IL-17A PerCpCy5.5. Experiment was repeated on at least three independent 

occasions with SEMs not exceeding 5% for each gated quadrant percentile. 
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Further, we also used two different PMA/I re-stimulation concentrations (differing 

by two fold) and three different incubation times (5hrs, 8hrs and 16hrs) to investigate if our 

IL-17A detection was suboptimal.  No differences in IL-17A production/detection were 

observed among the PMA/I concentrations and duration combinations tested (data not 

shown).  Taken together, these results strongly suggest that sorted naïve CD4  

T cells and T-regs are not optimal starting populations for in vitro human Th17 

differentiation. 

Th17 differentiation of CCR6
+
 (effector memory) T cells  

The inability to generate a Th17 phenotype from naïve CD4 T-cells or T-regs led us 

to investigate effector memory CCR6
+
 CD4 T cells as a starting population.  CCR6 is a G-

protein coupled receptor (GPCR), whose principle ligand is the chemokine CCL20, and is 

involved in the transendothelial migration of lymphocytes[196-198].  We sorted CCR6
+
 

cells (CD4
+
 CD45RA

-
 CD25

-  
CD127

+
) from healthy human donor blood (Figure 25) and 

cultured them under either Th0 or Th17 conditions (as described in Chapter 3 Materials and 

Methods) for 7 days.  Unlike naïve CD4 T cells, CCR6
+
 cells cultured under Th17 

conditions expressed IL-17A, IL-22 [199] and IFN-intra-cellularly after PMA/I re-

stimulation (Figure 26).  There were populations of IL-17A
+
, IL-22

+
 and IFN-


single 

positive and IL-17A
+
/IL-22

+
, IL-17A

+
/IFN-


 and IL-22

+
/IFN-


double positive CCR6

+
 

cells following Th17 differentiation.  The populations of IL-2 and IL-4 expressing CCR6
+
 

cells varied among donors but were consistently lower in median fluorescence intensity 

(MFI) relative to IL-17A, IL-22 and IFN 
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Figure 24.  Human T-regs fail to express IL-17A after exposure to Th17 differentiating 

conditions  

Representative FACS plots showing IFN- (Y axis) and IL-17A (X axis) expression of CD4
+
 

human regulatory T cells (T-regs) (CD45RA
+  

CD25
 +

) cultured under Th17 differentiating 

conditions.  Following differentiation, cells were washed, rested for 48 hrs, and re-stimulated 

with PMA/I.  Cells were then stained intra-cellularly for cytokines and analyzed by FACS.  

All cells were gated on viability.  Antibodies: anti human IFN PeCy7   and anti human IL-

17A PerCpCy5.5.  Experiment was repeated on three independent occasions with SEMs not 

exceeding 5% for each gated quadrant percentile. 
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The frequency of IL-17A
+
 CCR6

+
 cells under Th17 conditions also varied among 

donors ranging from 18-75% of total cells (Figure 27).  Of note, CCR6
+ 

cells cultured under 

Th0 conditions also expressed IL-17A, IL-22 and IFN-.  However, after Th17 

differentiation, the cells had increased expression levels of IL-17A and IL-22 and a 

decreased IFN-.  This background cytokine expression is indicative of the effector memory 

phenotype of these cells.  Moreover, unlike naïve CD4 T cells, Th17 differentiated CCR6
+
 

cells stained for the natural killer (NK) C-type lectin like receptor (CD161) (Figure 28A).  

CCR6
+
 cells also expressed higher levels of ICOS (CD278) compared to naïve cells (Figure 

28B).  Both markers are part of a larger group reported to define human Th17 cells[10, 21, 

183, 200] (Table 2).  These data strongly support that sorted CCR6
+
 CD4 T cells can be 

used as a starting population for Th17 differentiation.  

Th1 and Th2 differentiation of CCR6
+
 T cells  

To further characterize CCR6
+
 cells, we tested their ability to undergo Th1 and Th2 

differentiation.  Although CCR6 expression on CD4 T cells is associated with a 

predominantly Th17 memory phenotype, whether these CCR6
+
 cells can become Th1 and 

Th2 cells was unknown.  Plasticity of memory CD4 T cells subsets has been reported in 

murine models[201] but, to our knowledge, no report specifically addresses human CCR6
+
 

CD4 T cell memory cells.   

Sorted CCR6
+
 cells were cultured under Th1 or Th2 conditions to address the 

potential plasticity of the cells.  As a control, same donor naïve cells were also cultured 

under identical conditions.  After a 7 day culture, CCR6
+
 cells failed to differentiate to Th1 

or Th2 phenotypes based on intracellular IFN- and IL-4 expression, respectively.   
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Figure 25.  Pre-and post sort human CD4
+
 T cell populations  

A. Representative FACS plots showing pre-sort phenotype of CD4
+ 

enriched T cells from 

healthy human donor peripheral blood.  Cells were stained for CD4 CD25 CD127 

CD45RA and CCR6 (CD196) as described in Materials and Methods.  B. Representative 

FACS plots showing post-sort aliquots of human T cell population, Naïve (left), CCR6
+ 

(middle) and  CCR6
-
 (right) stained for CD45RA (Y axes) and CCR6 (X axes).   
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Figure 26.  Human effector memory CCR6
+ 

cells express IL-17A after exposure to 

Th17 differentiating conditions 
 

Representative FACS plots of IFN- (Y axis) (left), IL-22 (Y axis) (right) and IL-17A  

(X axes)  expression in human effector memory (CD45RA
-  

CCR6
+ 

) CD4
+
 T cells cultured 

under Th17 differentiating conditions.  Following differentiation, cells were washed, rested for 

48 hrs, and re-stimulated with PMA/I.  Cells were then stained intra-cellularly for cytokines 

and analyzed by FACS.  All cells were gated on viability.  Experiment was repeated on three 

independent occasions with SEMs not exceeding 5% for each gated quadrant percentile.   
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Figure 27.  Donor cytokine variation amongst human CCR6
+
 cells after exposure to 

Th17 differentiating conditions 
 

Bar graph of the % cytokine expression of effector memory (CD45RA
-  

CCR6
+ 

) CD4
+
 T cells  

from  three (3) different healthy donors  cultured under Th17 differentiating conditions.  

Following differentiation, cells were washed, rested for 48 hrs, and  re-stimulated with PMA/I.  

Cells were then stained intra-cellularly for cytokines and analyzed by FACS.  All cells were 

gated on viability.  All donor cells were assayed in triplicate.  Data represent mean ± SEM.
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Table 2. Identifying markers of human Th17 cells  

Compendium of surface and intracellular protein markers used to indentify and/or isolate 

human Th17 cells[202].  Brief descriptions of the markers’ known or putative functions are 

provided. 

  

Marker Name- Function 
CCR4 

C-C motif chemokine receptor 4 (aka CD194) –chemotaxis, 
binds CCL17 and CCL22 

CCR6 
C-C motif chemokine receptor 6 (aka CD196) –chemotaxis, 

binds CCL20 (aka MIP3-) and -defensins  

CD2 
Cell adhesion molecule- binds to CD58 (LFA-3) on antigen 
presenting cells (APCs) 

CD25 

IL-2 receptor alpha () chain- effector cell marker, when 

associated with CD122 and CD132 (common gamma ( chain) 
forms a high affinity receptor that binds the pleiotropic 
cytokine IL-2 

CD28 
Co-stimulatory molecule- interacts with CD80 and CD86 to 
promote activation and proliferation 

CD49d (ITGA4) 
Integrin alpha 4 subunit- cell adhesion and inside out cell 
signaling 

CD122 
IL-2 receptor beta ()chain - memory cell marker,  when 

associated with CD132 (common gamma ( chain) forms a low 
affinity receptor that binds the pleiotropic cytokine IL-2  

CD152(CTLA-4) 
Cytotoxic T-lymphocyte-associated protein 4- Inhibitory 
molecule interacts with CD80 and CD86 to down regulate or 
prevent activation and proliferation 

CD161(KLRB1/NKR-P1A) 
Natural Killer(NK) C-type lectin like receptor 1- activation 
modulator  

CD278 (ICOS) 
Inducible T cell co-stimulator molecule- bind ICOS ligand (ICOS-
L) upregulated on activated T cells  

IL-4 induced gene 1 l-Phenylalanine oxidase – suppressor of T cell proliferation 

IL-1R1 
IL-1 receptor- binds IL-1 family cytokines to promote 
maintenance of Th17 phenotype 

IL-6R 
IL-6 receptor- binds IL-6  to promote STAT3 activation and th17 
differentiation 

IL-17R 
IL-17 receptor- binds IL-17 family cytokines and regulates Th17 
phenotype 

IL-23R 
IL-23 receptor- binds IL-23 to promote maintenance of Th17 
phenotype 

RORt 
Retinoic acid receptor related orphan nuclear receptor gamma 
tau-Th17 subset master transcription factor  

MDR1 
Multi drug resistance 1 P glycoprotein –broad substrate efflux 
channel/ transporter 

STAT3 
Signal transducer and activator of transcription 3- transcription 
factor induced in response to cytokines such as IL-6 

IRF4A 
Interferon regulatory factor 4- transcription factor responsible 

for RORt expression 
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Figure 28.  CD161 and ICOS expression in human naïve and CCR6
+
 CD4

+ 
T cells after 

exposure to Th17 differentiating conditions 
 

A.  Representative FACS plots  of CD161 (Y axes) and CD4 (X axes) expression in naïve 

(CD45RA
+
)(left) and effector memory (CD45RA

- 
) CCR6

+
 CD4

+
 T cells cultured under Th17 

differentiating conditions.  Following differentiation, cells were washed, rested for 48 hrs, and  

re-stimulated with PMA/I.  Cells were stained for surface CD4 and  CD161 then analyzed by 

FACS.  All cells were gated on viability.  B.  Representative FACS plots  of ICOS (Y axes) 

and CD4 (X axes) expression of cells as treated in A.  Experiment was repeated on three 

independent occasions with SEMs not exceeding 5% for each gated quadrant percentile.   
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Remarkably, both Th1 and Th2 differentiated CCR6
+
 cells continued to express IL-

17A.  Of note, despite Th2 conditions that contained strongly polarizing anti-IFN-, CCR6
+
 

cells retained IFN- expression (Figure 29).  Moreover, the small population of IL-4 

expressing CCR6
+
 cells was not characteristic of a Th2 phenotype achieved with naïve cells. 

CCR6
+
 cells differentiated under Th2 conditions did, however, exhibit an increased 

frequency of IL-2 expression.  This may have resulted in the slightly lower IL-17A 

expression.  Nonetheless, these results suggest that CCR6
+
 CD4 T cells are a differentiated 

subset refractory to in vitro Th1 and Th2 plasticity. 

Co-culturing human naïve and effector memory CD4 T cells does not affect Th17 

differentiation   

The inability of human naïve, juxtaposed with the ability of effector memory 

CCR6
+
, CD4 T cells to undergo Th17 differentiation led us to investigate the affects of co-

culturing the two populations.  Specifically, we investigated whether co culture of sorted 

naïve and effector memory CD4 T cells promoted, inhibited or had no affect on the Th17 

differentiation of the other.  In addition to a CCR6
+
 population, human memory CD4 T cells 

also contain a CCR6 negative (CCR6
-
) population.  However as with naïve CD4 T cells and 

T-regs, CCR6
- 
cells demonstrated an inability to undergo Th17 differentiation (Figure 30).  

Thus, we also investigated the Th17 differentiation of CCR6
-
 cells after co-culture with the 

CCR6
+
 cells.  
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Figure 29.  Cytokine expression profile of Th1 and Th2 differentiated human naïve and 

CCR6
+
 CD4

+
 T cells  

 

Representative bar graph of the  % cytokine expression of sorted naïve (CD45RA
+
) and 

effector memory (CD45RA
- 

) CCR6
+ 

T cells cultured under Th1 or Th2 differentiating 

conditions.  Following differentiation, cells were washed, rested for 48 hrs, and re-stimulated 

with PMA/I.  Cells were then stained intra-cellularly for cytokines and analyzed by FACS.  

All cells were gated on viability.  Differentiation experiments were repeated with cells from at 

least three different donors with similar results.  
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To set up the co-culture experiments, sorted CCR6
+
 cells were seeded with either 

naïve or CCR6
-
 at various ratios and incubated under Th17 differentiation conditions.  All 

co-culture experiments used same donor sorted cells to prevent any possible mixed 

leukocyte reactions (MLR).  Since we established that the CCR6
+
 population successfully 

undergoTh17 differentiation, we measured if the percentage of IL-17A expressing cells 

changed upon co-culture.  Naïve and CCR6
-
 cells were not co-cultured due to each showing 

an inability to differentiate to Th17 cells in single culture experiments.  When CCR6
+
 co-

cultures were analyzed, we observed that the percentage of IL-17A expression mirrored the 

ratio of CCR6
+
 cells present (Figures 31 and 32).  This indicated that CCR6

+
 Th17 

differentiation was not affected by co-culture with naïve or CCR6
- 
cells.  Moreover, this 

suggested that CCR6
+
 cells were unable to promote, via soluble factors, the Th17 

differentiation of naïve or CCR6
-
 cells. 

T-helper transcription factor expression of naïve, CCR6
-
 and CCR6

+ 
under Th0 and Th17 

differentiating conditions 

In addition to cytokines, we also analyzed T-helper transcription factor expression in 

naïve, CCR6
-
and CCR6

+
 sorted cell populations after differentiation.  We were interested if 

and to what extent these populations differed with respect to the master regulators T-bet, 

GATA3, RORt and Foxp3.  Because RORt is the master transcription factor necessary for 

Th17 differentiation, we focused on comparing its expression in naïve, CCR6
-
and CCR6

+
 

cells under Th0 conditions versus Th17 conditions.  For all three sorted populations under 

both conditions, RORt single positive (RORt
+
) cells were rarely observed, and when 

observed, only at low frequencies, i.e. <2%.  RORt was predominantly co-expressed with 

T-bet, the canonical Th1 master transcription factor.  Thus for all analyses we measured 

RORt and T-bet double positive (RORt
+
 T-bet

+
) expression.    
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Figure 30.  Cytokine expression profile of human CD4
+ 

T cells: naïve, effector memory 

and T-regs after exposure to Th17 differentiating conditions 
 

Bar graph showing % cytokine expression of naïve (CD45RA
+
), effector memory (CD45RA

-  
)  

CCR6
- 
and CCR6

+ 
 and regulatory (T-regs) (CD45RA

+ 
CD25

+
) T cells cultured under Th17 

conditions.  Following differentiation, cells were washed, rested for 48 hrs, and re-stimulated 

with PMA/I.  Cells were then stained intra-cellularly for cytokines and analyzed by FACS.  

All cells were gated on viability.  Samples were assayed in triplicate.  Data represent mean ± 

SEM.
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Figure 31.  Co-culture of human CCR6
+
 and naïve CD4

+
 T cells under Th17 

differentiating conditions has no affect on the IL-17A expression of either population 
 

A.  Representative flow plots showing IFN- (Y axes) and IL-17A (X axes) expression of 

same donor human naïve (CD45RA
+
) and effector memory (CD45RA

-  
) CCR6

+ 
T cells 

cultured either alone or together (in the ratios indicated above plots) under Th17 

differentiating conditions.  All ratios are CCR6
+
:naive cells.  B.  Predicted IL-17A culture 

expression if no inhibitory or stimulatory affects are expected on CCR6
+
 cell Th17 

differentiation during co-culture.  C.  Graph showing total % intracellular IL-17A expression 

from plots in A and two other experiments. Data represent mean ± SEM.
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Figure 32.  Co-culture of human CCR6
+
 and CCR6

-
 CD4

+
 T cells under Th17 

differentiating conditions has no affect on the IL-17A expression of either population 
 

A.  Representative flow plots showing IFN- (Y axes) and IL-17A (X axes) expression of 

same donor effector memory  (CD45RA
-  

) CCR6
+  

and CCR6
-
 T cells cultured either alone or 

together (in the ratios indicated above plots) under Th17 differentiating conditions.  All ratios 

are CCR6
+
:CCR6

-
 cells.  B.  Predicted IL-17A culture expression if no inhibitory or 

stimulatory affects are expected on CCR6
+
 cell Th17 differentiation during co-culture. 

 

C.  Graph showing total % intracellular IL-17A expression from plots in A and two other 

experiments. Data represent mean ± SEM.
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Under Th0 conditions, naïve and CCR6
-
 cells consistently had a lower frequency of 

RORt
+
 T-bet

+ 
expression when compared to identically treated CCR6

+
 cells (Figure 33).  

Under Th17 conditions, naïve cells exhibited an increase and CCR6
- 
cells exhibited either a 

donor dependent increase or no change in, the frequency of RORt
+
 T-bet

+ 
expression when 

compared to cells under Th0 conditions.  CCR6
- 
cells from two donors had a nearly two fold 

percentage increase in RORt
+
 T-bet

+ 
expression

 
 under Th17 conditions while those from 

another donor had no measurable increase (data not shown).  In contrast, CCR6
+
 cells under 

Th17 conditions exhibited a consistent increase in the frequency of RORt
+
 T-bet

+  

expression when compared to Th0 conditions (Figure 33).  This increase was observed for 

all donor CCR6
+
 cells analyzed. 

We also analyzed Foxp3 expression in all three sorted populations under Th0 and 

Th17 conditions.  Foxp3 is known as the master transcription factor responsible for T-reg 

differentiation and antagonizes other T-helper master transcription factors.  In humans, 

unlike mice, Foxp3 expression is observed following activation of CD4
+
 T cells 

indiscriminately[203].  Although reports show this expression is transient and does not 

necessarily result in a suppressive phenotype, our Tth17 conditions may increased or 

stabilized it.  We reasoned that if Foxp3 expression was increased in naïve and CCR6
-
 cells 

under Th17 conditions, it may be an explanation for the lack of Th17 differentiation 

observed in these two populations.   

  



83 
 

Figure 33.  RORt and T-bet expression of human naïve and effector memory CD4
 +

 T 

cells 

Representative FACS plots of RORt (Y axes) and T-bet (X axes) transcription factor 

expression of naïve (CD45RA
+
) and effector memory (CD45RA

- 
) CCR6

- 
and CCR6

+ 
CD4

+
 T 

cells cultured under Th17 differentiating (top row) or non-differentiating (Th0) (bottom row) 

conditions.  Following differentiation, cells were washed, rested for 48 hrs, and re-stimulated 

with PMA/I.   Cells were permeabilized and stained intra-cellularly for transcription factors 

and analyzed by FACS.  All cells were gated on viability.  Experiment was repeated on three 

independent occasions with SEMs not exceeding 5% for each gated quadrant percentile.   
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When differentiated under Th0 conditions, naïve and CCR6
-
 cells had a lower 

frequency of Foxp3 expression than CCR6
+
cells (Figure 34).  To further analyze Foxp3 

expression under Th0 conditions, we compared the frequency of RORt
+
 Foxp3

+
 and 

Foxp3
+ 

cells for each population.  Naïve cells had a marginally higher frequency of 

 RORt
+
 Foxp3

+ 
expression than Foxp3

+
 expression (on average 6% versus on average 2%, 

respectively) (Figure 34).   CCR6
-
 cells had similar frequencies of RORt

+
 Foxp3

+ 
and 

Foxp3
+
 expression (on average 3% for both) (Figure 34).   Lastly, CCR6

+
 cells had a 

predominant RORt
+
 Foxp3

+ 
signature with Foxp3

+ 
expression ranging anywhere from two 

(2) to 30 fold less frequent depending on the donor(Figure 34 and data not shown).  For 

the sake of reference, all three cells populations had lower frequencies of RORt
+
 Foxp3

+ 

and Foxp3
+
 expression than activated natural human T-regs (Figure 35). 

When differentiated under Th17 conditions, naïve and CCR6
-
 cells exhibited no 

change in the frequency of RORt
+
 Foxp3

+
and Foxp3

+ 
expression compared to those under 

Th0 conditions (Figure 34).   In contrast, the frequency of RORt
+
 Foxp3

+ 
expression in 

CCR6
+
 cells was markedly decreased (on average 20% to 5%) (Figure 34).   This decreased 

RORt
+
 Foxp3

+ 
expression was accompanied by the observed increase in RORt

+
 T-bet

+
 

expression. 

GATA3, the canonical Th2 master transcription factor, expression levels as 

measured by MFI values were low for all three cell populations under both conditions (data 

not shown).  Of note, however, CCR6
+
 cells had the lowest MFI values of all three 

populations under Th0 and Th17 conditions. 
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These results suggest that different baseline levels of master transcription factors, 

specifically RORt, among naïve, CCR6
-
 and CCR6

+
 human CD4 T cells influences Th17 

differentiation.  Additionally, a diminution in Foxp3 expression in CCR6
+
 cells is necessary 

for optimal Th17 differentiation. 
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Figure 34.  RORt and Foxp3 expression of human naïve and effector memory CD4+ T 

cells 

Representative FACS plots of RORt (Y axes) and Foxp3 (X axes) transcription factor 

expression of naïve (CD45RA
+
) and effector memory (CD45RA

- 
) CCR6

- 
and CCR6

+ 
CD4

+
 T 

cells cultured under Th17 differentiating (top row) or  non-differentiating (Th0)  (bottom row) 

conditions.  Following differentiation, cells were washed, rested for 48 hrs, and re-stimulated 

with PMA/I.   Cells were permeabilized and stained intra-cellularly for transcription factors 

and analyzed by FACS.  All cells were gated on viability.  Experiment was repeated on three 

independent occasions with SEMs not exceeding 5% for each gated quadrant percentile.   
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Figure 35.  RORt and Foxp3 expression of human T-regs 

Representative FACS plots of  RORt (Y axis) and Foxp3(X axis) transcription factor human 

T-regs (CD25
+
CD45RA

+
) cultured for 12 days in the presence of 2uM oligodeoxynucleotides 

(ODN 25)for phenotype stability[195].  T- reg c were washed, rested for 48 hrs, and re-

stimulated with PMA/I.  Cells were permeabilized and stained intra-cellularly for transcription 

factors and analyzed by FACS.  All cells were gated on viability.  Experiment was repeated on 

two independent occasions with SEMs not exceeding 5% for each gated quadrant percentile. 
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Discussion 

The immunobiology of human Th17 cells is an important body of knowledge to 

assemble given the role these cells play in a panoply of life threatening and debilitating 

diseases.  One central element to Th17 immunobiology is their differentiation.  Here we 

added to this body of knowledge by investigating peripheral blood isolated naïve and 

memory CD4 T cells as starting populations for human Th17 differentiation. We have 

shown that human naïve (based on CD45RA
+
 CD127

hi 
CCR6

-
 CD25

–
expression) CD4 T 

cells fail to differentiate to Th17 cells using several published and unpublished conditions.  

We also have shown that human memory (based on CD45RA
-
 CD127

lo 
CD25

–
expression) 

CCR6
+
 CD4 T cells can differentiate to Th17 cells.  This is in agreement with reports that 

human Th17 cells preferentially derive from this memory population.  Our data also support 

that CCR6 expression was pivotal as human memory CCR6
- 
CD4 T cells fail to differentiate 

to Th17 cells. 

Because we did not observe Th17 differentiation of human naïve CD4 T cells, we 

investigated whether certain experimental factors may have contributed.  These factors 

included the use IL-2, presence of serum and PMA/I re-stimulation parameters (i.e. 

concentration and time).  Admittedly, not all possible titrations of IL-2 could be explored.  

Thus, if there is a balance between any inhibitory affects of IL-2 on Th17 differentiation and 

the pro-survival benefits of IL-2 on naïve CD4 T-cells, we possibly did not strike it.  The 

use of serum free media did not improve Th17 differentiation and different PMA/I strengths 

and incubation times had no affect on IL-17A detection.  Taken together, human naïve CD4 

T cells, likely due to intrinsic properties, are not the optimal starting population for in vitro 

Th17 differentiation.  
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The successful Th17 differentiation of human effector memory CCR6
+
 CD4 T cells, 

in contrast to naïve and effector memory CCR6
-
 cells, appears to be in part due to higher 

baseline levels of RORt.  A nearly 20-fold higher surface expression of CD161 on CCR6
+
 

cells relative to naïve cells was observed.  ICOS, reported to be an important Th17 

promoting co-stimulatory molecule, also exhibited a higher, albeit not to the magnitude of 

CD161, frequency of expression in CCR6
+
 cells relative to naïve cells.  These markers, 

either singly or in combination, likely affect successful in vitro Th17 differentiation.   

Co-culture data from same donor naïve and effector memory cells highlighted the 

intrinsic properties of Th17 differentiation.  Because CCR6 expression was down-regulated 

after TCR activation and proliferation, we were unable to gate our co-cultured cells 

accordingly.  Instead we analyzed total culture IL-17A expression.  CCR6
+
 cells were not 

able to promote the Th17 differentiation of naïve or CCR6
-
 memory cells.  There was no 

indication that CCR6
+
 cells out-proliferated or out-competed the other populations for 

nutrients and cytokines promoting.Th17 differentiation.  This was based on no observed 

differences in viability or total cell expansion between co-cultured and individually cultured 

cells.  As a modification to the co-culture experiments, we plan to harvest the media from 

both Th0 and Th17 differentiated CCR6
+
 cells and after cellular filtration, test them as a pre-

conditioned media for naïve and CCR6
- 
cells.  The rationale for this modification is to 

investigate if co-culturing masked or prevented naïve and CCR6
- 
cells from up-taking 

soluble factors expressed by CCR6
+
 cells. 

To our knowledge, no previous reports have tested whether human naïve and 

memory cells can influence the differentiation of one another.  There are reports of T-regs 

converting effector T-helper subsets to T-regs- a process termed infectious tolerance[204].  
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Hence, the idea of infectious effectors is not outside the realm of immunological 

possibilities.  Our co-culture data did not reveal this possibility and underscored that our 

sorted populations are separate lineages likely incapable of cross talk. 

One interesting question arising from these co-culture experiments is the ontogeny 

of the CCR6
- 
memory

 
cells.  CCR6

-
 cells have been characterized as Th1 or Th2 memory 

based on the presence of other markers such as CXCR3 and CRTH2.  Yet, the CCR6
-
 cells 

did not express high levels of Th1 or Th2 cytokines such as IFN-or IL-4, respectively.  

Further, expression frequency of T-bet or GATA3 were not increased relative to naïve or 

CCR6
+
 cells.  We reasoned a priori that the CCR6

-
 population was a transitional state of 

CCR6
+
 cells.  This was not the case based on co-culture and single culture experiments as 

CCR6
-
 cells did not exhibit an increased potential to differentiate to Th17 cells compared to 

naïve cells.  To better define these cells, expression levels of markers such as CXCR3, 

CRTH2, CCR4 and PD-1 are necessary. 

CCR6
+
 cells were resistant to Th1 and Th2 differentiation based on persistent IL-

17A expression- a fact consistent with their effector memory designation and reported 

epigenetic stability.  Memory CD4 T cells, however, have been reported to exhibit plasticity 

which drove us to investigate such with CCR6
+
 cells.  One possible reason for the observed 

resistance to Th1 and Th2 differentiation may be that the conditions and time regimen used 

were designed for naïve cells and thus not fitting for CCR6
+
 cells.  Alternatively, RORt 

antagonists [205, 206]or stronger TCR stimulation[131] could have been implemented in 

our Th1 and Th2 differentiation conditions to suppress the Th17 genetic program.   

Whether CCR6
+
 cells could undergo Th1 and Th2 differentiation was of interest 

because of our TCR avidity study.  Using a single CD4 T cell population would have 
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afforded us consistent comparisons among Th1, Th2 and Th17 subsets.  Despite this, we 

were still able to study the influence of TCR avidity on differentiation and effector function 

of human TCR engineered cells using naïve and CCR6
+
 cell populations.  Thus the inability 

of CCR6
+
 cells to undergo Th1 and Th2 differentiation was not a study obstacle.  

Nevertheless experiments investigating conditions that can “undifferentiate” or repolarize 

human CCR6
+
 cells remain of value to better characterize these cells and delineate ways to 

modulate their inflammatory signature.  

The exact reasons why similar, if not identical, cytokine conditions can be used for 

Th1 and Th2, but fail for Th17, differentiation of human and murine naïve CD4 T cells 

remain unclear.  One conjecture is that Th1 and Th2 subsets appeared early in the evolution 

of the mammalian adaptive immune system.  Despite the divergence of humans and murine 

species 100 million years ago[207], very little selective pressure may have existed to change 

how mammalian naïve CD4 T cells differentiated to Th1 and Th2.  The type of pathogens 

and cytokine milieus that elicit Th1 and Th2 responses and the effector functions of these 

two subsets to combat the pathogens are optimal for both species.  The opposite may be true 

for Th17 cells.  Due to their role in the gut and skin and how these anatomical sites vastly 

differ in terms of immune assaults between humans and mice, Th17 cells may have been 

selectively pressured to evolve and diverge along separate paths.   

A recently published report has shown that the transcription factor promyelocytic 

leukemia zinc finger protein (PLZF) which regulates CCR6 expression in humans is not 

present in murine Th17 cells[208]. Knockdown of PLZF in human CD4 T cells affected not 

only CCR6 expression but also RORt indicating the importance of this gene in Th17 

differentiation.  In mice, however, Th17 differentiation was unaffected by a lack of PLZF 
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expression.  Further, It has been shown that Th17 cells are still present in CCR6 deficient 

mice[197].   

In addition to CCR6, the necessity of CD161 for Th17 differentiation appears to be 

incongruent in humans and mice.  Human Th17 cells have been reported to differentiate 

almost exclusively from CD161 expressing precursors that can be found in umbilical cord 

blood[21, 174].  No such exclusivity has been observed for murine Th17 cells.  CD161 

belongs to the C-type lectin family of receptors, first identified on natural killer (NK) cells, 

and of which there is only one variant in humans but at least six in mice[162].  Interestingly, 

NK cell progenitors are a separate lineage from common lymphoid progenitors that give rise 

to T and B cells[209].  No known congenital or acquired mutations in human CCR6 or 

CD161 have been reported.  Consequently, there are no reports documenting in vivo 

aberrant activity or expression of these two markers and changes in levels or function of 

human Th17 cells.  Nonetheless, current knowledge strongly suggests that there are non-

trivial and material differences between human and mice Th17 cells.  These differences 

include the starting populations/precursors for, and genetic factors that regulate, Th17 

differentiation. 

As research on human Th17 cells expands, the complexity with respect to types and 

functions of these cells has become apparent.  Several groups have reported that Th17 cells 

can be grouped into pathogenic and non-pathogenic subtypes based on the spectrum of 

cytokines they express in addition to IL-17A[210, 211].  One report has shown the presence 

of the P-glycoprotein, MDR1, endows Th17 cells not only with a pathogenic phenotype but 

also a resistance to immunosuppressive agents such as glucocorticoids[212].   
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Other chemokine receptors such as CCR4 and CXCR3 are also reported to regulate 

the effector functions of Th17 cells[213, 214].  For instance, CXCR3 and CCR6 co-

expression is indicative of a Th1/Th17 signature based on high IFN- and IL-17A 

production.  In contrast, the co-expression of CCR4 and CCR6 has been reported to define a 

purely Th17 signature.  The existence of cells with a Th2/Th17 signature based on 

CRTH2and CCR6 co-expression has also been reported.  These Th2/Th17 cells express IL-4 

and IL-17A and can be isolated from the bronchoalveolar lavage (BAL) of severe asthmatic 

subjects[215].  In parallel with the surface markers, the intracellular machinery, namely 

transcription factors, regulating and defining Th17 cells has quickly expanded.  The roles of 

transcription factors such as BATF, IRF-4, c-Maf and Sox5 in orchestrating the 

differentiation and maintenance of Th17 cells are being elucidated.  Understanding these 

factors and their interaction with the Th17 benchmark transcription factors RORt and 

STAT3 can potentially lead to new ways to both define and control Th17 cells. 

It is clear that much remains to be researched and discovered about human Th17 

cells.  Future research has to encompass two pivotal goals.  The first is a research 

community that has reached a consensus of the best markers, i.e. genotype and phenotype, 

to define these cells.  The second is a better grasp of the starting populations for Th17 

differentiation.  Future plans in our lab include investigating human T-reg mediated 

suppression of CCR6
+
 cells in antigen specific conditions.  Also mechanisms linking the 

expression of CCR6, as well as markers CD161 and CCR4 with Th17 differentiation are 

necessary future research directions if this better grasp is to be achieved.  Interestingly, a 

recent report showed that CD161 expression on human T cells correlates with an ability to 

respond innately to IL-12 and IL-18 inflammatory cytokines[216]. 
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The overarching goal of all immunological research is to provide understanding and 

truths that can result in treatments and prevention of diseases.  One such resulting treatment 

from Th17 research is the anti-IL-17A monoclonal antibody, secukinumab, recently 

approved by the Food and Drug Administration (FDA) for psoriatic arthritis and ankylosing 

spondylitis[217, 218].  Researchers are firmly aware that the immunobiology of human 

Th17 cells is fraught with complexity; yet firmly confident it can be understood.    
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Chapter 5:  Overall Discussion and Summary 

 

TCR signal strength is a critical parameter in shaping the CD4 T cell repertoire[77, 

219, 220].  The ensuing repertoire[53] can contain TCRs with different as well as identical 

avidities/functional affinities for a single antigen MHC complex.  While TCR avidity seems 

a plausible candidate for the role of dominant determinant in T-helper differentiation fate, 

certain reports have shown that TCRs of identical specificities and avidities can still result in 

different cellular fates[221], and even one TCR can give rise to several fates[222].  Models 

have been proposed espousing either a probabilistic or a deterministic element governing  

T-helper subset fate[223].  At the individual cell level, T-helper cytokine expression has 

been shown to be a stochastic process fitting to a probabilistic model[224].  Yet one could 

argue that mounting a proper immune response to a life-threatening pathogen is too critical 

to leave to chance and probability.  We hypothesized that there is a deterministic element to 

T-helper differentiation fate which involves inherent properties of the TCR.  The two C2 

epitope specific TCRs, having different avidities for their cognate antigen pC2 and 

engineered into human T cells, allowed us to test this hypothesis. 

The higher avidity TCR was isolated from a Th2-typed parental clone and the lower 

avidity TCR from a Th17/Th1 parental clone[102].  Initially this led us to investigate if 

these TCRs could bias the host CD4 T cells in which they were expressed to differentiate 

toward the respective phenotypes of their parental clones.  This outcome was not observed.  

However, conditions which may reveal such a parental clone bias could exist.  Because the 

TCR engineered cells still expressed endogenous TCRs that may have been clustered in the 
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lipid raft signaling synapse with the engineered TCRs, the true in vivo inherent properties of 

the engineered TCRs may not have been fully realized.   

Such TCR inherent properties, including but not limited to avidity and affinity for 

cognate antigen, to direct T-helper subset differentiation have been reported for murine CD4 

naïveT cells in general, and T regulatory (T-regs) cells, IL-10 secreting cells and Th17 cells, 

in particular  [225-229].  In a similar vein, it was shown that TCRs cloned from human and 

Rhesus macaque viral suppressive CD8 T cells and expressed in species-homologous naïve 

CD8 T cells rendered those cells suppressive as well.  As for human CD4 T cells, one study 

reported that a single TCR from a naïve CD4 T cell primed in vitro could give rise to 

multiple T-helper subsets, thus suggesting what the authors termed intraclonal 

heterogeneity[222].  This observation supports the idea of the TCR serving more as a 

switch, or trigger, to activate the cell and playing a lesser role in determining T-helper fate. 

However, this study did not rule out the possibility that TCR inherent properties 

could direct the subset fate of human naïve CD4 T cells.  The deep sequencing data in this 

study revealed that some TCR sequences were unique to a particular subset, i.e. there was 

interclonal heterogeneity, while other sequences were shared by at least two and as many as 

three of the four subsets assayed.  While the in vivo forces that determine T-helper subset 

fate are indeed complex, and there is likely more unknown than known, in particular for 

human T-helper subset fate, current knowledge suggests that TCR inherent properties 

command an important role in deciding this fate in some cases.  Characterization of these 

cases merits further research. 

How might TCR stimulation influence T-helper differentiation?  Most studies 

addressing this question come from murine models.  One such study showed that TCR 
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signal strength can be translated into the graded cleavage and thus activation of the proximal 

signaling paracaspase MALT1[94].  Targets of MALT1 activation, roquin and regnase-1, 

were shown to have a direct effect on differentiation of Th17 cells.  It has also been shown 

that the TCR signal strength can affect MAP kinase signaling substrate JNK2 and the SAP 

Fyn-mediated signaling pathway, both of which can control Th1 versus Th2 

differentiation[5, 32].  Further weak signals sensed by the TCR can promote IL-4 and 

GATA 3 expression, ultimately resulting in a Th2 phenotype[230]. 

To parse out characteristics of human naïve CD4 T cells that influence Th17 

differentiation, one report found that these cells can be grouped based on IL-1R expression 

levels[188].  In this report, naïve T cells expressing IL-1R and cultured under Th17 

conditions showed increased IL-17A expression compared to non IL-1R expressing naïve T 

cells.  Further, naïve T cells induced to expressed IL-1R up-regulated IL-17A expression 

compared to controls.  These finding suggest that IL-1R expression is an essential 

characteristic for IL-17A production by naïve cells.  IL-1 is a cytokine known to promote 

Th17 cells.  It follows, thus, that expression of its receptor, IL-1R, is necessary to render 

naïve cells responsive to its effects. 

While the presence of IL-1R on human naïve T cells can promote IL-17A 

production, whether this production translates into a stable Th17 phenotype is not certain.  

IL-1R expressing naïve cells treated with IL-1B up-regulate Th17 markers such as RORt 

and IL-23R at the mRNA level but this could be a transient effect and/or a non-specific 

consequence of inflammatory stimuli.  More importantly, the frequency of IL-17A 

production in IL-1R expressing naïve CD4 T cells remains quite low and did not 

significantly differ from non IL-1R expressing cells. 
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Other markers known to define human Th17 cells, such as phospho- STAT3, IRF-4, 

IL-1R and IL-23R,[30, 188] were not measured in our CCR6
+
 or naïve cells.  Of note, there 

are reports stating that naïve cells both do (at lower levels than memory cells) and do not 

express IL-23R, through which the Th17 cell promoting cytokine, IL-23, signals.  Lack of 

IL-23R could of course be a major reason why naïve cells fail to undergo Th17 

differentiation.  Future experiments to measure these markers and discern any differences in 

their expression levels between naïve and effector memory cells are underway.  Ultimately 

these experiments will expand knowledge of phenotypic factors controlling human Th17 

differentiation. 

Reports have shown that the TCR specificity of Th17 cells is biased or skewed 

towards certain antigens.  For example, antigenic peptides derived from the fungus Candida 

albicans, bacteria species Mycobacterium tuberculosis and Staphylococcus aureus and 

categories of gut commensals or segmented filamentous bacteria (SFB) are known to 

stimulate and result in the preferential proliferation of Th17 cells over other subsets.  This 

biased specificity suggests that  either the TCR repertoire–which is shaped in the thymus 

before antigenic exposure- can determine T-helper subset differentiation or these fungal and 

bacterial species release cytokines or contain pathogen-associated molecular patterns 

(PAMPS) that promote certain subsets.  Indeed the reported existence of natural or thymic 

derived Th17 cells lends support to the former.  The use of C. albicans and SFB to 

differentiate Th17 cells supports the latter.  Yet, as with many mechanisms governing 

outcomes in the adaptive immune system, there likely is no one or the other determining T-

helper fate.  Rather, mechanisms work in combination.   
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One report has shown that while the TCR repertoire of human T-helper subsets can 

overlap, there are certain sequences unique to individual subsets.  This report highlights 

multiple mechanisms; both the TCR repertoire and external factors can dictate T-helper fate.  

To build on this report, it would be of interest to analyze and compare the TCR repertoire of 

a larger sample of human naïve (CD45RA
+
)
-
 and effector memory (CD45RA

-
 CCR6

+ 
and 

CCR6
-
) cells via deep sequencing.  Such an analysis would provide a higher powered 

picture of the human Th17 TCR repertoire and what features, if any, make it unique. 

While not studied herein, T-regs are a T-helper subset that plays a vital role in 

immune homeostasis and balancing the immune response of CD4 effector cells.  Recently, 

our lab has shown that expression of the 17195 TCR in human natural T-regs can activate 

the suppressive activity of these T-regs in the presence of the cognate antigen pC2, 

effectively preventing pC2-triggered proliferation of 17195 TCR engineered effector 

cells[231].  This cognate antigen-specific suppression represents an important development 

in the treatment of inhibitors, as mentioned in Chapter 1 of this dissertation, in Hemophilia 

A subjects.  Currently, experiments where both high and low avidity TCRs are expressed in 

induced T-regs (iT-regs) are planned.  These experiments will shed light on how the avidity 

of T-effector derived TCRs influences the differentiation of naïve human CD4 T cells to iT-

regs.  Furthermore, these experiments will allow us to test how TCR avidity influences the 

suppressive functions and plasticity of iT-regs, two clinically important parameters for T-reg 

adoptive therapies[232].  Interestingly, there is conflicting data about whether TCR avidity 

affects T-reg/iT-reg suppressive ability[233, 234].   

To further improve our studies using human TCR engineered cells, we would like 

implement gene editing technologies such as transcription activator-like effector nucleases 
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(TALEN)s and the clustered regulatory interspaced short palindromic repeats 

(CRISPR)/Cas9 system.  Both TALENS and CRISPR/Cas9 allow researchers to remove 

and/or replace specific genes[235, 236].  One of the potential drawbacks to using TCR 

engineered cells, especially for in vivo applications, is mispairing between endogenous and 

exogenous engineered TCR chains.  Via TALENS or CRISPR/Cas9 technologies, 

endogenous TCR sequences can be removed or edited thus preventing the possibility of 

mispairing.   

Methods other than these gene editing technologies have been proposed or 

developed to tackle mispairings.  For example, murinization of human TCR constant 

regions, introducing leucine zipper domains on exogenous TCR constant domains and single 

chain variants where TCR alpha and beta chains are linked to form a monomer[97, 101, 237, 

238] have been reported.  However, these methods cannot ensure complete absence 

misparings because the endogenous chains are still present.  While the exact percentage of 

mispaired TCRs on engineered cells is difficult to assess due to certain factors (i.e. 

individual TCR sequences, promoters driving exogenous TCR expression), one report 

estimated that a given population of TCR engineered cells had approximately 30% 

mispaired TCRs[239].  These potential mispaired TCRs could result in autoimmunity and 

deleterious off-target effects.  Thus, our lab is interested in these gene editing technologies 

to optimize the bench to bedside translation of our study.   

In summary, we observed that the T-helper effector phenotype of human TCR 

engineered cells can be influenced by TCR avidity.  Unskewed/undifferentiated TCR 

engineered cells can be driven to produce Th1/Th2 hybrid cells via low-avidity TCR 

cognate antigen interaction.  While pre-differentiated TCR engineered cells maintained their 
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phenotypes during cognate antigen proliferation, TCR avidity could influence the frequency 

of phenotype defining cytokine expression.  Finally, when stimulated in an antigen specific 

manner under T-helper differentiating conditions, the avidity of the TCR engineered cells 

affected the kinetics and quality of the differentiation.  This study, and future investigations 

building on it, will aid strategies for TCR selection when engineering antigen-specific  

T-helper cells-especially those used for adoptive therapies where production and stability of 

particular phenotypes are necessary. 
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Appendix 

 

Human antibodies*: clones: 

 IFN-: 4S.B3 

 IL-2: MQ1-17H12 

 IL-4: 8D4-8 

 IL-5: TRFK5 

 IL-10: JES3-19F1 

 IL-17A (eBioscience): ebio64DEC17 

 IL-22: BG/IL22  

 

 GATA3: 16E10A23 

 RORt(eBioscience): AFKJS9 

 T-bet: 4B10 

 FoxP3(eBioscience):  236A/E7 

 

 CD4 (eBioscience): RPA-T4 

 CCR6 (BD Bioscience):11A9 

 TCR Vbeta 2  also referred to as TCRBV2S1 (Beckman Coulter ):MPB2D5 

 

 CD3**: OKT3 

 CD28**: 28.2 

 

*All antibodies from Biolegend unless otherwise indicated. 
**Used for activating cells for transduction and T-helper differentiation. 
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