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Abstract 

Naïve helper T cells become activated when their T cell receptor (TCR) 

recognizes a microbial peptide presented on MHCII (p:MHCII) by dendritic cells (DCs). 

During this interaction, DCs provide polarizing cues to guide T cell differentiation 

towards specific fates, like T follicular helper cells which help B cells. The affinity of 

TCR for its cognate p:MHCII is known to influence the fate adopted by CD4+ T cells, but 

the mechanisms responsible for this effect are not completely understood. The 

mechanism could be T cell extrinsic, by affecting the DC subset a T cell contacts thereby 

influencing the polarizing factors received, or T cell intrinsic, by modulating TCR signal 

strength thus regulating genes involved in T cell differentiation.  

The T cell extrinsic hypothesis was tested with a quantitative, imaging approach 

called histo-cytometry to analyze the T cell-DC interactions. This technique involves 

time-consuming manual image analysis. Therefore, we wrote software to automate histo-

cytometry analysis, reducing hands-on analysis time by up to 90%. With histo-cytometry, 

we determined that TCR affinity did not affect the DC subset contacted by CD4+ T cells, 

rendering the cell extrinsic hypothesis unlikely.  

We therefore focused on the T cell intrinsic hypothesis by performing a 

CRISPR/Cas9 screen to identify TCR regulated genes that influence T cell 

differentiation. This screen revealed two novel regulators of helper T cell differentiation, 

Eef1e1 and Gbp2, which are expressed at a higher level in high affinity than low affinity 

T cells. These results suggest that TCR affinity influences helper T cell differentiation 

intrinsically by regulating genes that control the differentiation process. 
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We next explored the relationship between CD4+ T cell differentiation and 

cytotoxic activity. This study determined that cytotoxic function of helper T cells was 

dependent on the Fas pathway and Fas was upregulated on target cells proportional to the 

TCR affinity of the responding T cells. Additionally, we identified that many different 

helper T cell subsets express FasL and have cytotoxic potential. Thus, my work could 

benefit future vaccines by providing greater understanding of how helper T cell fate 

decisions occur and how these decisions influence cytotoxic function.  
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Chapter 1 

 

Background and Introduction 

 

The 1950s and 60s were a golden age of immunological discovery that defined 

the lay of the land in cellular immunology, with one of the earliest discoveries being that 

small lymphocytes initiate immune responses (1). Once the function of lymphocytes was 

identified, the next logical question was: Where do they come from? Contrary to the 

thinking at the time, Jacques Miller identified that the thymus had immunological 

function and suggested that it produces the small lymphocytes (2). While these findings 

demonstrated lymphocytes play a role in immunity, there was still no separation between 

T cells and B cells. The possibility of lymphocyte heterogeneity was illuminated upon the 

discovery that the thymus and bursa of chickens provided different kinds of immunity, 

with the thymus involved in immune recognition while the bursa is involved in antibody 

generation (3). This work was furthered by the mouse studies of Miller and colleagues, 

which solidified that antigen-reactive cells stemming from the thymus helped antibody 

generating cells that developed from the bone marrow (4-6). 

Strikingly, the explanation for thymic T cell development was postulated prior to 

discovery of the immune function associated with thymus or lymphocytes. In 1957, Sir 

Frank MacFarlane Burnet published the concept of clonal selection in which he proposed 

each clone or cell has a genetically encoded unique receptor that defines the cell’s antigen 

specificity. If a cell encounters its antigen then it will proliferate allowing for a rapid, 

stronger response to secondary exposure with the same antigen. Additionally, clonal 
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specificity provided an explanation for immunological tolerance, with self-specific clones 

being eliminated. Thus, the clonal selection hypothesis provided a blueprint for how the 

adaptive immune system develops and functions. 

 

T cell receptor 

In time, immunologists filled in the details of the framework provided by the 

clonal selection hypothesis. One of these initial discoveries was the identification of 

antigen presentation, the foundation of which was appreciating that T cells must 

recognize foreign antigens and self-antigens simultaneously to become activated (7-9). 

So what are T cells using to detect antigen presentation? Generation of anti-CD3 

monoclonal antibody opened the door for identifying the T cell receptor (TCR). 

Incubating T cell clones with this antibody blocked their recognition of antigen 

demonstrating that CD3 is involved in the antigen receptor on T cells (10). Next, 

antibodies were generated that stained specific TCRs and were used to demonstrate that 

the TCR is closely associated with CD3 (11-13). Further studies demonstrated that the 

TCR is a heterodimer and compared different TCRs (13-15). Within a year after the TCR 

was identified, numerous manuscripts were published describing the cloning of various 

TCRs and demonstrating the homology between TCRs and immunoglobulins (16-24).  

TCRs are encoded by variable, diverse, and joining (VDJ) gene segments which 

are cleaved by Rag1 and Rag2 enzymes (25). The terminal deoxynucleotidyl transferase 

enzyme adds nucleotides to cleaved gene segments that are then recombined. This 

somatic recombination occurs for the TCRα and TCRβ loci resulting in proteins that are 

able to interact. This somatic recombination of gene segments allows for a potential pool 
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of over 1015 TCRs that can be utilized by T cells to provide the diversity necessary to 

mount a response to any pathogen a host might encounter (26).  

 

CD4+ T cell development 

Understanding T cell development required identification of the receptor and 

ligand mediating selective pressure as well as the location in which this selection occurs. 

As predicted by Burnet’s hypothesis, the TCR is a genetically encoded molecule 

responsible for antigen specificity. Antigen presentation provides the ligand, which 

consists of a peptide presented on major histocompatibility complex (MHC). The location 

is the thymus, as demonstrated by Jacques Miller (2). However, there is added 

complexity that was not envisioned by Burnet’s theory because cells in the thymus not 

only undergo selection but also lineage commitment. In the thymus, T cells either 

become helper cells or cytotoxic cells, which can be distinguished based on their 

expression of CD4 and CD8, respectively (27, 28).  

T cell precursors arrive in the thymus from the bone marrow as CD4- CD8- cells, 

termed double negative thymocytes (29). Upon reaching the double negative 3 stage, 

defined by cells expressing CD25 but not CD44, the progenitor cells rearrange their TCR 

𝛾, δ, and β loci. The TCRβ pairs with an invariant pre-TCRα chain and if this pairing is 

functional, then the precursor cell becomes a double positive thymocyte, a cell that 

expresses CD4 and CD8, and undergoes rearrangement of its TCRα locus. 

Approximately 90% of double positive cells undergo death by neglect due their lack of a 

functional TCR (30). The 10% that survive are maintained because they underwent 

positive selection by utilizing their TCR to recognize antigen displayed in the cortex of 
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the thymus, likely by a cortical thymic epithelial cell. Classic models of T cell 

development state that positively selected thymocytes commit to the helper T cell or 

cytotoxic T cell lineage, indicated by their expression of CD4 or CD8, respectively, and 

then travel to thymic medulla where they undergo negative selection. 

Negative selection was another aspect of immunology that was correctly predicted 

by Burnet’s clonal selection hypothesis. During negative selection, thymocytes interact 

with antigen-presenting dendritic cells (DCs), B cells, and medullary epithelial cells (30). 

The antigen-presenting cells primarily display self-antigens, with some being tissue-

restricted antigens whose expression is induced by Aire (31). If the thymocytes undergo 

strong TCR signaling in response to these self-antigens, they will undergo apoptosis or 

develop into regulatory T cells. While the traditional model states that these interactions 

occur in the medulla, more recent data suggests that the majority of negative selection 

occurs in the cortex by double positive thymocytes (32). The end result of thymic 

selection is as Burnet hypothesized, cells with autoreactivity are culled leaving MHC-

restricted T cells that are ready to respond to invading pathogens. 

 

Helper T cell activation and differentiation 

 DCs are a bridge between the innate and adaptive immune systems, because they 

are innate cells that drive the activation of adaptive cells. In the 1970s, Steinman and 

colleagues first identified DCs and demonstrated their activation of T cells (33, 34). This 

ability to induce T cell responses is due to the DCs’ capacity to process and present 

antigens on MHC and their expression of co-stimulatory molecules. DCs express two 

classes of MHC molecules, MHC class I presents peptides that are recognized by TCRs 
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on CD8+ T cells and MHC class II presents peptides that are recognized by TCRs on 

CD4+ T cells. The ability to process and present antigen is critical for DCs to interact 

with and activate T cells, however it is the DCs’ expression of co-stimulatory molecules 

that dictates whether the interactions lead to activation or tolerance. If T cells do not 

receive this second signal of co-stimulation they will adopt an anergic phenotype (35, 

36).  

This balancing act between activation and tolerance requires tight regulation of 

co-stimulatory molecule expression. To provide a context for when DCs should be 

activated, DCs can undergo maturation by detecting cytokines, like TNF-α, co-

stimulatory molecules, like CD40L, and direct sensing of pathogens via toll-like 

receptors (37). This maturation enhances DC antigen uptake, presentation, and co-

stimulatory molecule expression, thereby greatly enhancing their capability to activate T 

cells. Another aspect of DCs that controls their ability to activate T cells is the unique 

properties of each DC subset.  

Human, mouse, and macaque classical DCs are classified as cDC1 and cDC2, 

with each subset having unique properties that are conserved across the different genus 

(38). cDC1 are Batf3-dependent, express the transcription factor IRF8, and express XCR1 

and CD8α on their surface. cDC2 express IRF4 and can be identified by their surface 

expression of SIRPα and CD4. A critical functional difference between these subsets is 

their ability to process and present antigen to T cells. While both are able to activate 

CD4+ and CD8+ T cells, cDC1 cross-present antigens and have higher expression of 

molecules involved in MHC class I presentation rendering them better at priming CD8+ T 

cell responses (39). Conversely, cDC2 are specialized for activating CD4+ T cells by their 
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higher expression of genes involved in antigen processing for presentation on MHC class 

II. In line with these results, CD4+ T cells were activated by cDC2 and CD8+ T cells were 

activated by cDC1 in response to skin infection with herpes simplex virus (40). 

Another way that DC subsets are specialized is the cytokines and co-stimulatory 

molecules that they express. During helper T cell activation, DCs produce polarizing 

factors, like cytokines and co-stimulatory molecules that drive their differentiation into 

specialized lineages. For example, IL-12 induces Type 1 helper (Th1) T cells, which 

secrete cytokines like IFN𝛾 in response to their cognate antigen thereby helping 

macrophages clear intracellular infections (41). Interestingly, IL-12 is produced by cDC1 

but not cDC2 (42, 43). Therefore, both DC subsets can activate helper T cells but the fate 

adopted by the T cell may differ depending on which type of DC it contacts.  

There are other options for helper T cells beyond Th1 differentiation, with each 

lineage expressing a defining transcription factor. T-bet is the master transcription for 

Th1s, Gata3 for Type 2 helpers (Th2), Ror𝛾t for T helper 17s (Th17), Bcl6 for T 

follicular helpers (Tfh), and Foxp3 for T regulatory (Treg) cells (44-50). Each of these 

lineages also has a specialized function. Tfh cells help B cells generate high affinity, class 

switched antibodies, Th17 cells aid in clearing extracellular infections via neutrophils, 

Th2 cells protect against helminth infections, and Tregs inhibit autoimmunity (51-55). 

During T cell differentiation, all of these lineages are an option but the environment in 

which antigen presentation occurs influences which fate is adopted. For example, oral 

inoculation with Listeria monocytogenes (Lm) induces Th17 cells while intravenous 

infection with the same pathogen does not (56). This result may stem from a difference in 
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the type of cytokines produced by the dendritic cells, with the oral infection potentially 

inducing IL-6 production, a cytokine that promotes Th17 differentiation (57). 

  The cytokine milieu influences T cell differentiation by regulating localization 

and expression of transcription factors. For example, IL-2 signaling induces Blimp1, a 

transcription factor that regulates the bifurcation of Th1 and Tfh differentiation by 

inhibiting the Tfh fate through repression of Bcl6 (48). Interestingly, Bcl6 is itself a 

repressor that can directly inhibit T-bet expression (54, 58-60). Thus, it is a balance 

between two repressors that regulates the bifurcation, but what are the signals that dictate 

the balance between these repressors? A major contributor is IL-2, which signals through 

the IL-2 receptor inducing signal transducer and activator of transcription 5 (STAT5) 

phosphorylation (61, 62). Phosphorylated STAT5 forms a homodimer that traffics to the 

nucleus and drives Blimp1 expression, thereby inhibiting Tfh differentiation (63). The 

source of the IL-2 appears to be cells slated to adopt the Tfh fate, indicating that IL-2 acts 

in a paracrine manner to regulate T cell differentiation (64). Thus, helper T cell 

differentiation is influenced by route of infection, interactions with specific DC subsets, 

and cytokine milieu present during T cell activation. 

 

Influence of TCR signaling on helper T cell differentiation 

 In a classic in vitro experiment, T cells activated with a low amount of antigen 

and presumably TCR signaling became Th2 cells while higher amounts of antigen drove 

the Th1 fate (65). This study was one of the first to demonstrate that TCR signaling can 

influence T cell differentiation. This initial study varied antigen concentration, but TCR 

signaling could also be altered by modulating the TCR affinity for antigen (66). In a 



	 8	

normal repertoire, each T cell with a given specificity has a unique TCR and a distinct 

affinity for its cognate peptide presented on MHC class II (p:MHCII) (67). By examining 

single cells from a conventional T cell repertoire, it is therefore possible to determine 

whether TCR biases differentiation during a physiological response to infection. In fact, 

this is exactly the case with some TCRs heavily favoring the Th1 fate while others 

strongly induce Tfh differentiation after Lm infection (68). Therefore, the antigen-specific 

helper T cell response is an amalgamation of each of these clones.  

If TCR signal strength influences T cell differentiation, then which fates are 

promoted by greater signaling? When comparing Th1 and Th2 differentiation, the in vitro 

results of O’Garra and colleagues were recapitulated in vivo, with Th1 favored at higher 

antigen concentrations and Th2 adopted at lower concentrations independent of the type 

of adjuvant injected alongside the peptide (69). Using p:MHCII tetramers as a read-out of 

TCR affinity, which correlates with TCR signaling, a study determined that high TCR 

affinity T cells primarily adopted the Tfh fate (70). However, TCR is internalized upon 

signaling, which was not controlled for in this study. Accordingly, the highest affinity 

cells might be incorrectly identified as low affinity cells skewing the results.  

An alternative strategy for examining the role of TCR signaling in T cell 

differentiation that avoids the complication presented by TCR internalization is TCR 

transgenic T cells, which are genetically engineered to express a specific TCR. The 

optimal experimental setup is two populations of TCR transgenic T cells with TCRs 

specific for the same p:MHCII but at different affinities. Such a setup was used to 

demonstrate that high affinity TCR-bearing cells adopt the Th1 fate more than medium 

affinity cells, with the inverse being true for Tfh lineage commitment in response to Lm 
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infection (68). These results were corroborated at high and low antigen doses as well as 

in response to a viral infection (71, 72). 

A possible explanation for why greater TCR signaling may drive Th1 

differentiation is expression of CD25, the high affinity IL-2 receptor. Naïve T cells do not 

express CD25 but signaling through the TCR rapidly induces CD25 expression (73). This 

signaling event also drives expression of IL-2, thereby providing the ligand and receptor. 

Signaling through the IL-2 receptor induces Blimp1, repressing Tfh differentiation and 

allowing adoption of non-Tfh fates (63). Thus, TCR affinity biases helper T cell 

differentiation potentially by regulating IL-2 signaling. 

 

Cytotoxic T cells 

 Upon activation, T cells can acquire cytotoxic capabilities that act through a 

variety of pathways, like Fas as well as perforin and granzymes. TCR signaling induces 

expression of Fas ligand which can interact with Fas on target cells inducing apoptosis 

via caspase 8 (74). Similar to the Fas pathway, TCR signaling is required to express 

perforin and granzyme B in T cells. Perforin and granzyme B are stored in granules that 

are released upon TCR signaling in the direction of the T cell contact (75). Perforin forms 

pores in the target cell allowing granzyme B to enter the cell and cleave proteins 

including caspases, thereby inducing apoptosis. Additional cell-mediated cytotoxic 

pathways exist, like TNF and TRAIL, with these pathways triggering apoptosis in a 

similar manner to Fas signaling (75). 

Cytotoxic function has traditionally been associated with CD8+ T cells. However, 

cytotoxic CD4+ T cells were initially identified over 40 years ago, but this discovery was 
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discounted as an in vitro culture artifact (76). More recent studies have identified 

cytotoxic CD4+ T cells in mice and humans, with these cells arising in response to viral 

and bacterial infections and cancer (77-82). Cytotoxic CD4+ T cell responses even 

correlate with early control of HIV and protection against influenza infection (77, 81, 83). 

The signals driving cytotoxic CD4+ T cell differentiation are not entirely understood, but 

IL-15, TGF-β, 4-1BB and OX40 have been suggested to play a role (82, 84). 

Additionally, Eomes has been proposed as a master transcription for cytotoxic CD4+ T 

cells, which is supported by over-expression of Eomes inducing cytotoxic function in 

CD4+ T cells (78, 82, 85, 86). It is still unclear whether cytotoxic CD4+ T cells are a 

unique lineage or a basic property of helper T cells. 

 

Statement of thesis 

My thesis is that TCR affinity controls T cell differentiation in a T cell intrinsic 

manner by regulating expression of genes that bias differentiation, like Il2ra, Eef1e1, and 

Gbp2, and dictates cytotoxic effector function via control of the Fas pathway. 
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Chapter 2 

 

Materials and Methods 

 

Mice 

Six- to eight-wk old C57BL/6 (B6), B6.SJL-Ptprca Pepcb/BoyJ (CD45.1), B6.129S-

Tnfrsf1atm1Imx Tnfrsf1btm1Imx/J (TNFR I & II KO), B6.129P2-Cd40tm1Kik/J (CD40 KO), 

C57BL/6-Prf1tm1Sdz/J (Perforin KO), B6.MRL-Faslpr/J (Fas KO), B6.129S6-Tbx21tm1Glm/J 

(T-bet KO), and Cd25-/- female mice were purchased from the Jackson Laboratory or the 

National Cancer Institute Mouse Repository (Frederick, MD, USA). B6 IFN-ɣR1-

deficient mice were a gift from M. Farrar (University of Minnesota). B6 Cd4-Cre 

Eomesfl/fl and B6 EomesGFP mice were a gift from S. L. Reiner (Columbia University). B6 

DR5 (TRAIL-R KO) deficient mice were a gift from T. S. Griffith (University of 

Minnesota). ItgaxYFP (87) and Rag1−/− UbcGFP (88) TEa TCR transgenic (89) female 

mice were a gift from B.T. Fife (University of Minnesota). Rag1−/− B3K506 TCR 

transgenic (90), Rag1−/− B3K508 TCR transgenic mice (90), Rag1−/− UbcGFP TEa TCR, 

and Rag1−/− SM1 Tbx21ZsGreen TCR transgenic mice were bred and housed in specific 

pathogen–free conditions in accordance with guidelines of the University Institutional 

Animal Care and Use Committee and National Institutes of Health. Clec4a4DTR mice (42) 

were backcrossed onto the B6 background and used as bone marrow donors. The 

University Institutional Animal Care and Use Committee approved all animal 

experiments. 
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Infections and immunizations 

For bacterial intranasal and intravenous infections, mice were injected with 107 colony-

forming units of ActA-deficient Listeria monocytogenes (Lm)-3K, Lm-P5R, Lm-P2A, or 

Lm-Flic bacteria as described previously (56, 68, 91). Lm-3K, Lm-P5R, and Lm-P2A 

strains were generated by inserting sequences encoding each peptide in frame with the 

Listeriolysin-O signal sequence and promoter that drives maximal production under in 

vivo infection conditions, as described previously (91). The P5R epitope was inserted into 

the PR8 influenza A virus genome as previously described (92, 93). Mice were infected 

intranasally with 40 plaque-forming units of PR8 influenza A virus expressing P5R. 

Some mice were injected intraperitoneally with 2x105 plaque-forming units of the LCMV 

Armstrong strain. For immunizations, mice were injected intraperitoneally with 10 µg of 

peptide mixed with 20 µg Poly I:C or 100 µL CFA. In some experiments mice received 

10 µg of peptide mixed with 20 µg Poly I:C subcutaneously, intravenously, or 

intramuscularly. In some experiments, peptide/Poly I:C-immunized animals were 

challenged with an i.v. injection of 100 µg of 2W peptide and sacrificed 2 h later for 

analysis of IFN-γ production. 

 

Tetramers 

Biotin-labeled soluble I-Ab molecules containing 2W, 3K, or LCMV glycoprotein 

(GP)66–77 peptides covalently attached to the I-Ab beta chain were produced with the I-

Ab alpha chain in Drosophila melanogaster S2 cells, then purified and made into 

tetramers with streptavidin (SA)-phycoerythrin (PE) or (SA)-allophycocyanin (Prozyme, 

San Leandro, CA, USA) as described previously (94, 95). 
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Cell transfer 

Lymph nodes were collected from Rag1−/− B3K506 TCR transgenic, Rag1−/− B3K508 

TCR transgenic, and Rag1−/− UbcGFP TEa TCR transgenic mice and hand-mashed into a 

single cell suspension. Aliquots were stained with allophycocyanin- or eFluor 450-

labeled CD4 (RM4–5; Tonbo biosciences) antibody and analyzed with Fluorescent 

AccuCheck counting beads (Invitrogen) to assess CD4+ T cell numbers and purity using a 

LSR II (BD biosciences) flow cytometer. For imaging experiments, 106 TCR transgenic 

cells were transferred into B6 mice 24 h before infection. 105 TCR transgenic cells were 

transferred into B6 mice for flow cytometry experiments examining the initial three d 

following Lm infection, while 3x103 TCR transgenic cells were transferred for 

experiments examining the response at seven d post-infection with Lm or influenza. In 

some cases, the T cells from the Rag1−/− B3K506 and Rag1−/− B3K508 TCR transgenic 

mice were also labelled with CellTracker Orange (ThermoFisher Scientific) or 

CellTraceViolet (ThermoFisher Scientific), respectively (96). For some experiments, 

twenty-thousand Rag1−/− B3K508 TCR transgenic cells were injected intravenously into 

C57BL/6 (B6) 24 h before infection with Lm-3K. 

 

Cell enrichment and flow cytometry 

Single cell suspensions were generated by dissociating spleens with the GentleMACS 

dissociator (Miltenyi Biotec) or hand-mashed in a petri dish. Single cell suspensions were 

stained for one h at room temperature with allophycocyanin-conjugated tetramers or 0.1 

µg of FITC-labeled CD90.1 antibody (HIS51; ThermoFisher Scientific) and 2 µg of 
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BV650-labeled (L138D7; Biolegend) or BUV395-labeled (2G8; BD biosciences) 

CXCR5 antibody. Biotinylated anti-FasL or FasL-PE antibody (MFL3; eBioscience) was 

also added to the staining cocktail for some of the experiments. Samples were then 

enriched for p:MHCII tetramer-bound or CD90.1 antibody-bound cells using magnetic 

bead-based enrichment as described previously (97) with the minor modification that 

EasySep Mouse APC or FITC Positive Selection Kits (Stemcell Technologies) and 

EasySep magnets (Stemcell Technologies) were used. 

  

For identification of surface markers, the sample was stained on ice with various 

combinations of the following antibodies: PE-Cy7 or APC-ef780-labeled B220 (RA3–

6B2; ThermoFisher Scientific), APC-ef780-labeled CD11b (M1-70; ThermoFisher 

Scientific), APC-ef780-labeled CD11c (N418; ThermoFisher Scientific), PE-Cy7-labeled 

PD-1 (J43; eBioscience), PE-labeled CD3ε (145-2C11; eBioscience), BV786- or eFluor 

450-labeled CD4 (GK1.5; BD biosciences), AF700-labeled CD44 (IM7; ThermoFisher 

Scientific), BV510- or FITC-labeled CD45.1 (A20; Biolegend), BUV395-labeled CD45.2 

(104; BD biosciences), PE- or V500- or BV510-labeled CD8α (53-6.7; eBioscience or 

Becton-Dickinson), FITC-labeled Fas (Jo2; Becton-Dickinson), AF700-labeled MHC 

Class II (I-A/I-E; M5/114.15.2; eBioscience), BUV395-labeled CD25 (PC61; BD 

biosciences), PE-labeled CD69 (H1.2F3; ThermoFisher Scientific) and FITC-labeled 

CD90.1 (HIS51; ThermoFisher Scientific). All samples were also stained with a fixable 

viability dye (Ghost Dye Red 780; Tonbo Biosciences). For transcription factor staining, 

samples were fixed with the eBioscience Foxp3/transcription factor staining kit 

(ThermoFisher Scientific) and then stained with BV421-labeled RORɣt (Q31-378; BD 
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biosciences), PE-labeled Eomes (Dan11mag; eBioscience), Percp-Cy5.5-labeled Foxp3 

(FJK-16s; eBioscience), BV605-labeled or BV421-labeled T-bet (4B10; Biolegend), and 

AF488-labeled Bcl-6 (K112-91; BD biosciences) antibodies. For cytokine staining, 

samples were fixed with the BD Biosciences Fixation/Permeabilization Solution Kit (BD 

biosciences) and then stained with BV650-labeled IFN-ɣ (XMG1.2; Biolegend). In 

experiments using biotinylated anti-FasL antibodies, PE-conjugated streptavidin 

(eBioscience) was included in the staining cocktail. When analyzing T cell 

differentiation, intracellular transcription factors, or IFN-γ production after peptide 

challenge, staining was performed as described previously (95). To calculate cell 

numbers, Fluorescent AccuCheck counting beads (Invitrogen) were added to each sample 

after the final wash step. Cells were then analyzed on an LSR II or Fortessa (BD 

biosciences) flow cytometer. Data were analyzed with FlowJo (TreeStar). 

 

Cell sorting and co-culture  

Spleens were harvested from mice 48 h after intravenous infection with Lm-P5R bacteria. 

The spleens were chopped into small pieces and digested with collagenase P (Millipore 

Sigma) for 20 min at 37°C prior to hand-mashing in a petri dish to generate a single cell 

suspension. The single cell suspension was enriched for CD11c expressing cells using a 

CD11c positive selection kit (Miltenyi Biotec). The enriched samples were stained for 30 

min at room temperature with BV421-labeled XCR1 (ZET; Biolegend), PE-labeled 

CD64 (X54-5/7.1; Biolegend), APC-labeled SIRP⍺ (P84; Biolegend), APC-Cy7-labeled 

Ly-6G (1A8; Biolegend), APC-Cy7-labeled Siglec F (E50-2440; BD biosciences), APC-

eF780-labeled NKp46 (29A1.4; ThermoFisher Scientific),  APC-eF780-labeled CD90.2 
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(53-2.1; ThermoFisher Scientific), PE-Cy7-labeled Ly-6C (HK1.4; ThermoFisher 

Scientific), FITC-labeled CD11c (N418; ThermoFisher Scientific) antibodies, and a 

fixable viability dye (Ghost Dye Red 780; Tonbo Biosciences). The cells were sorted 

with a FACS Aria II (BD biosciences) to isolate live XCR1+ (CD64- NKp46- Ly-6C- 

CD90.2- Ly-6G- SIRP⍺- CD11c+ XCR1+) and SIRP⍺+ (CD64- NKp46- Ly-6C- CD90.2- 

Ly-6G- XCR1- CD11c+ SIRP⍺+) DCs.  

 

For co-culture, naïve B3K508 CD4+ T cells were isolated from Rag1−/− B3K508 TCR 

transgenic mice as described in the cell transfer section. B3K508 cells were co-cultured 

with the sort-purified XCR1+ or SIRP⍺+ DCs at 1 to 1, 1 to 3, and 1 to 10 ratios of DCs to 

T cells in complete IMDM for 24 h at 37°C. Some T cells were also cultured without 

DCs to serve as negative staining controls for markers of activation. After culture, T cells 

were stained with antibody and analyzed on a flow cytometry as described in the cell 

enrichment and flow cytometry section. 

 

In vivo cytotoxicity assay 

The target cells for the in vivo cytotoxicity assays were prepared by labeling bulk 

splenocytes from CD45.1 mice with CellTrace Violet (CTV; Life Technologies). Briefly, 

spleen cells were suspended in PBS at 3x107 cells/ml and incubated at 37°C for 10 

minutes in 2 µM (hi) or 0.4 µM (lo) CTV. The CTV was quenched by adding RPMI with 

10% FBS. The CTVlo cells received 100 µg of 2W or GP66 peptide in the RPMI with 

10% FBS for a final peptide concentration of 10 µg/ml. The CTVhi and CTVlo cells were 

then incubated for 1 h at 37°C before being washed twice with PBS. The CTVhi and 
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CTVlo cells were mixed at a 1:1 ratio and transferred into mice, with each mouse 

receiving 2x107 total cells. The mice were sacrificed 20 h after the cell transfer and the 

spleens were processed for cell enrichment as previously described (94). The unbound 

fraction from the cell enrichment was collected and 5% of this fraction was assayed by 

flow cytometry to determine the CTVlo/CTVhi ratio of the B cells in the target cell 

population in addition to their expression of Fas and MHC II. Specific Lysis = 100 - 

(CTV ratio in experimental mice/CTV ratio in naive mice) X 100. 

 

In vitro cytotoxicity assay 

B cells were isolated from CD45.1 mice using a B cell negative selection kit (Stemcell 

Technologies) and cultured overnight at 1x107 cells/ml at 37°C in complete IMDM 

media and 10 µg/ml of Pam3CSK4 (Invivogen). The cells then were labelled with 0.2 µM 

CTV or 0.2 µM CFSE (Life Technologies) for 10 minutes at 37°C in PBS. The labelling 

reactions were quenched by 1 h incubation at 37°C in complete IMDM media. FliC 

peptide was added to the CFSE-labeled samples during the quenching period. 10 µg/ml. 

CFSE- and CTV-labelled cells were washed twice with complete IMDM media, mixed at 

a 1:1 ratio, and added to 96 well cell culture plates. To obtain cytotoxic T cells for the 

culture, 1x105 SM1 Tbx21ZsGreen TCR transgenic CD4+ T cells were transferred into B6 

mice, which were immunized with FliC/CFA. Secondary lymphoid organs were 

harvested 7 d post-immunization and SM1 cells were isolated by allophycocyanin-

labelled CD90.1 antibody-based magnetic enrichment (Stemcell Technologies). The SM1 

cells were then stained with CCR6-PE (FAB590P; R and D biosystems), CXCR5-

BUV395, and CD4-eFluor 450 antibodies at room temperature for 1 h before sorting on a 
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FACS Aria (Becton Dickinson) cell sorter. Sorted SM1 T cells expressing CCR6, 

Tbx21ZsGreen, CXCR5, or lacking all three markers were added to B cell-containing wells 

for a final ratio of 10 T cells to 1 CFSE labelled B cell. Some wells received B cells alone 

to determine the baseline CFSE/CTV ratio. The cells were cultured for 20 h and assayed 

by flow cytometry to determine the CFSE/CTV ratio of the B cells. Specific lysis = 100 – 

(CFSE/CTV ratio for T cell containing well / CFSE/CTV ratio for B cell alone well) X 

100.  

  

Cell depletion with mAbs 

Monoclonal antibodies were used to deplete CD4 or CD8α expressing cells in mice 

immunized with 2W peptide and PolyI:C. Each mouse was intravenously injected with 

500 µg of CD4, CD8α, or isotype control antibody (GK1.5, 53-6.72, or 2A3 respectively; 

BioXcell) at the time of injection of target cells. 

 

Confocal microscopy 

Twenty µm splenic sections from naive or Lm-P5R infected mice were stained with 

Brilliant Violet (BV) 421-conjugated F4/80 (BM8, BioLegend), Pacific Blue-conjugated 

B220 (RA3-6B2, BioLegend), CF405L-conjugated CD8⍺ (53-6.7, BioLegend), AF488-

conjugated pS6 (2F9,Cell Signaling Technologies), CF555-conjugated CD86 (GL-1, 

BioLegend), AF647-conjugated CD45.2 (104, BioLegend), AF700-conjugated MHC II 

(M5/114.15.2, BioLegend), CF514-conjugated CD11c (N418, BioLegend), BV480-

conjugated CD3 (17A2, BD biosciences), and AF594-conjugated SIRP⍺ (P84, 

BioLegend) antibodies. Certain purified antibodies from BioLegend were conjugated 
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with CF405L, CF514, or CF555 with Biotium Mix-n-Stain labelling kits. Confocal 

microscopy was performed with a Leica SP5 confocal microscope with two HyD 

detectors; two PMT detectors; 405, 458, 488, 514, 543, 594 and 633 laser lines; and a 

63X oil objective with a 1.4 numerical aperture. The mark and find feature in the Leica 

Application Suite was used to image 12 T cell zones in each spleen with each image 

consisting of a 20 µm z-stack acquired at a 0.5 µm step size. Additionally, the Leica SP5 

microscope was used to image single color stained Ultracomp eBeads (ThermoFisher 

Scientific) for generating a compensation matrix. 

 

Epi-fluorescence microscopy 

Spleens from B6 mice infected 48 h earlier with Lm-P5R were fixed with 

paraformaldehyde, dehydrated with sucrose, and embedded in OCT. Seven µm sections 

of these spleens were stained with BV421-conjugated F4/80, AF488-conjugated B220 

(RA3-6B2, BioLegend), AF647-conjugated CD45.2 (104, BioLegend), and AF594-

conjugated CD3 (17A2, BioLegend) antibodies. The samples were imaged with a Leica 

DM6000B epi-fluorescence microscope equipped with a dry 20X objective with 0.5 

numerical aperture and a Leica DFC 9000 camera with custom filter cubes. The tiling 

feature in the Leica Application Suite (Leica Microsystems) software was used to image 

the entire splenic section. The images were analyzed in Imaris 8.4 (Bitplane), which was 

used to create surfaces to identify TCR Tg cells. For quantifying T cell localization by 

signal absorption, statistics for the TCR Tg cell surfaces were exported with the 

XTStatisticsExport Xtension and imported into Flowjo v10.3 (Treestar) for analysis. To 

quantify T cell localization by distance measurement, surfaces were also created for B 
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cell follicles based on B220 staining. The Distance Transformation Xtension was then 

used to calculate the distance of T cells from the follicle edge toward the follicle center. 

Statistics for TCR Tg cells were exported with the XTStatisticsExport Xtension and 

imported into Flowjo v10.3 (Treestar) for quantification. With the distance method, T 

cells were considered to reside in a B cell follicle if they were greater than 0 µm into a B 

cell follicle. For a detailed protocol, refer to the Histo-cytometry Protocol and 

Documentation file available at https://histo-cytometry.github.io/Chrysalis/. 

 

Two-Photon microscopy 

Rag1−/− UbcGFP TEa TCR transgenic CD4+ T cells, CMTMR-labelled B3K506 TCR 

transgenic T cells, and CTV labelled B3K508 TCR transgenic T cells were transferred 

into ItgaxYFP mice that were then infected with Lm-P5R bacteria 24 h after cell transfer. 

Recipient spleens were immobilized on plastic coverslips, sliced longitudinally with a 

vibratome, and perfused with 37° C DMEM media bubbled with 95% O2 and 5% CO2. 

Samples were imaged with a 4-channel Leica TCS MP microscope with a resonant-

scanner containing two NDD- and two HyD- photomultiplier tubes operating at video 

rate. The objective was a water dipping 25X with 0.95 numerical aperture. Samples were 

excited with a MaiTai TiSaphire DeepSee HP laser (15 W; Spectra-Physics) at 870 nm, 

and emissions at 440-480 (CTV), 500–520 (GFP), 520-560 (YFP) and 560-630 

(CMTMR) nm were collected. Images acquired were 20–250 µm below the cut surface of 

the spleen slice and 512x512 XY frames were collected at 3.0 µm steps every 30 s for 30 

min.  
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Image processing and histo-cytometry analysis 

For automated histo-cytometry analysis, a compensation matrix was created in ImageJ 

(NIH) by using the GenerateCompensationMatrix script on images of single color stained 

Ultracomp eBeads. This compensation matrix was applied to 3D images and movies in 

Chrysalis to compensate for the spillover of each fluorescent signal from its channel into 

other channels. Chrysalis was also used for further automated image processing as 

described in Fig. 1A and Fig. 5A. Imaris 8.3, 8.4, 9.0, and 9.1 (Bitplane) were used for 

image analysis, including surface creation to identify cells in images. The Sortomato 

V2.0, XTChrysalis, and XTChrysalis2phtn Xtensions were used in Imaris for identifying 

cellular subsets based on protein expression, quantifying cell-cell interactions, and 

exporting cell surface statistics. Statistics were exported from these applications and 

imported into FlowJo v10.3 (Treestar) for quantitative image analysis. Details of these 

steps are described in the Histo-cytometry Protocol and Documentation file that is 

available at https://histo-cytometry.github.io/Chrysalis/.  

 

For the traditional histo-cytometry analysis, a compensation matrix was generated and 

applied to the 3D images with the Leica Application Suite (Leica Microsystems) 

software. Imaris 8.4 (Bitplane) was used to merge images from a single spleen together 

by stacking them in the z-plane. The DC channel was generated in in Imaris 8.4 

(Bitplane) using the Channel Arithmetics Xtension prior to running surface creation to 

identify DCs and TCR Tg cells in images. DCs were categorized as XCR1 or SIRP⍺ DCs 

using the Sortomato Xtension and the distance to each DC subset was calculated with the 
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Distance Transformation Xtension. Statistics were exported for each surface and 

imported into FlowJo v10.3 (Treestar) for quantitative image analysis. 

 

Quantitative PCR 

106 B3K506 or B3K508 TCR transgenic cells were transferred into B6 mice 24 h before 

intravenous infection with Lm-P5R bacteria. The spleen and lymph nodes were harvested 

48 h after infection and stained with FITC-labeled CD90.1 (HIS51; ThermoFisher 

Scientific), APC-ef780-labeled B220 (RA3–6B2; ThermoFisher Scientific), APC-ef780-

labeled CD11b (M1-70; ThermoFisher Scientific), APC-ef780-labeled CD11c (N418; 

ThermoFisher Scientific), BV786-labeled CD4 (GK1.5; BD biosciences), AF700-labeled 

CD44 (IM7; ThermoFisher Scientific), and a fixable viability dye (Ghost Dye Red 780; 

Tonbo Biosciences). The TCR transgenic cells were then enriched with the EasySep 

Mouse FITC Positive Selection Kit (Stemcell Technologies) and EasySep magnets 

(Stemcell Technologies). Live TCR transgenic CD4+ T cells were sorted from the 

enriched sample into Trizol (ThermoFisher Scientific) using a FACS Aria II (BD 

biosciences). RNA was extracted using chloroform (ThermoFisher Scientific) and 

purified with the RNeasy micro kit (Qiagen). RNA quantities were measured with a 

Qubit 2.0 (ThermoFisher Scientific) and 41 ng RNA of each sample was converted to 

cDNA with SuperScript IV reverse transcriptase (ThermoFisher Scientific). Primers were 

designed with the NCBI Primer-Blast tool (98) and quantitative PCR was performed with 

FastStart SYBR Green (Millipore Sigma) in a thermocycler (Eppendorf). The resulting 

data was analyzed by normalizing to the housekeeping gene Gapdh and then calculating 
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fold change in gene expression for B3K506 cells relative to B3K508 cells with the 

comparative CT method (99). 

 

CRISPR/Cas9 screen 

A CRISPR/Cas9 system utilizing two MSCV-based gamma retroviral vectors was used to 

target genes of interest. One virus encoded Cas9 and the fluorescent protein mNeongreen 

(100) and the other encoded gRNAs and the fluorescent protein mAmetrine (101). These 

vectors were created by modifying the LMP-Amt vector (102), which was a gift from S. 

Crotty (La Jolla Institute). The vector encoding Cas9 and mNeongreen was generated by 

replacing the shRNA-encoding segment, PGK promoter, and mAmetrine gene with Cas9-

P2A and mNeongreen (Allele Biotechnology) through In-Fusion cloning (Takara Bio 

USA). The Cas9-P2A fragment was cloned from the lentiCRISPRv2 puro plasmid which 

was a gift from B. Stringer (Addgene plasmid # 98290). 

 

To generate the gRNA vector, the LMP-Amt vector (102) was modified by removing the 

SapI site and replacing the shRNA-encoding segment with the bacterial toxin gene 

CCDB flanked by AarI sites using In-Fusion cloning (Takara Bio USA). This CCDB 

containing fragment was cloned from the pMOD_B2303 plasmid, which was a gift from 

D. Voytas (University of Minnesota). This modified LMP-Amt plasmid served as the 

recipient for Golden Gate cloning reactions that replaced the CCDB gene with a tRNA-

gRNA array (103-105) using AarI (ThermoFisher Scientific), SapI (New England 

BioLabs), and T4 (New England BioLabs) enzymes. The gRNAs used in the tRNA-

gRNA arrays were designed in Benchling (Benchling) to target functional motifs 
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identified in InterPro (106) with two gRNA designed for each target gene. Primers 

encoding the gRNAs were then generated using the Voytas laboratory toolkit (107) and 

the cloning of the tRNA-gRNA array was performed as described previously (107). 

 

Retrovirus was prepared as described previously (108), with minor alterations. In brief, 

Platinum-E cells (Cell Biolabs) were grown in complete DMEM media (Gibco) prior to 

transfection with Polyethylenimine, Linear, MW 25,000 (Polysciences), pCL-Eco and 

retroviral plasmids encoding Cas9 or tRNA-gRNA arrays. After transfection, the media 

was supplemented with ViralBoost (Alstem Cell Advancements) and 30 µM water 

soluble cholesterol (Millipore Sigma). The virus containing supernatant was collected 24 

and 48 h after transfection and filtered with a 0.45 µm Nylon 25 mm Syringe Filter 

(Fisher). Aliquots were stored at -80°C for up to three mo. 

 

Retroviral transduction was performed as described previously (108), with minor 

alterations. Specifically, naïve B3K508 CD4+ T cells or naïve Cas9+ B3K508 CD4+ T 

cells were isolated from Rag1−/− B3K508 TCR transgenic or Rag1−/− Cas9+ B3K508 

TCR transgenic mice, respectively, as described in the cell transfer section. These 

B3K508 T cells were grown in a 96 well plate with complete IMDM media (Millipore 

Sigma) containing IL-7 (Tonbo biosciences). Cells were activated in plates coated with 

anti-CD3 (2C11; BioXcell) and anti-CD28 (37.51; BioXcell). The cells were transduced 

with retroviral supernatant and polybrene (Millipore Sigma) 24 and 40 h after activation. 

B3K508 T cells were transduced with retrovirus encoding Cas9 and retrovirus encoding 

tRNA-gRNA arrays, while the Cas9+ B3K508 T cells were only transduced with tRNA-
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gRNA array encoding retrovirus. For transductions, plates were spun at 1500 rpm for two 

h at 37°C and then the media was exchanged for complete IMDM media containing IL-2 

(Peprotech). After three d of culture, the cells were moved to plates that were not coated 

with anti-CD3 or anti-CD28 and two d later the media was switched to complete IMDM 

media containing IL-7 (Tonbo biosciences). After 24 h, cells were either directly 

transferred into B6 mice or stained with BV786-labeled CD4 (RM4-5; BD biosciences) 

antibody and a fixable viability dye (Ghost Dye Red 780; Tonbo Biosciences). The 

stained cells were sorted with a FACS Aria II (BD biosciences) to isolate live Cas9+ 

gRNA+ CD4+ T cells, which were then transferred into B6 mice. Each B6 mouse received 

2500 T cells. Four d after transfer, mice were infected with Lm-3K bacteria and the 

spleens were harvested seven d post-infection for flow cytometric analysis. 

 

Statistical analysis 

Statistical significance was determined using Prism (Graphpad) software for unpaired 

two-tailed Student’s t test, one-way and two-way ANOVA tests. Prism (Graphpad) was 

also used to calculate linear correlations and R squared. 

 

Code availability 

All of the code generated for image processing or analysis can be downloaded at 

https://histo-cytometry.github.io/Chrysalis/, including compiled versions of Chrysalis for 

Windows and Mac OSX with a Linux version available upon request due to Github 

limitations on file size. Additionally, all of the Imaris Xtensions are compatible with 
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Windows and Mac OSX. The documentation for the code as well as a detailed protocol 

for image acquisition and analysis is also provided at this github link. 
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Chapter 3 

 

Chrysalis: A new method for high-throughput histo-cytometry analysis of images 

and movies 

 

3.1 Introduction 

 

Imaging of biological samples has traditionally been used to resolve anatomic 

structures (109) or identify specific cells in tissues (110). Recent advances in image 

analysis, like histo-cytometry (111) and dynamic in situ cytometry (112) have expanded 

the depth of analysis by increasing characterization of cell types and objective 

quantification of cells in images. These new techniques combine multispectral image 

analysis with a quantitative workflow. The image quantification is performed by 

analyzing image-derived statistics in flow cytometry analysis software (111, 112). These 

approaches can quantify the number and location of cells throughout a tissue (113), 

identify cell-cell interactions (114), and correlate protein expression to cellular 

localization (51). Histo-cytometry and dynamic in situ cytometry have been applied to a 

variety of imaging systems including confocal (115-117), epi-fluorescence (118, 119), 

and two-photon microscopy (112). However, these approaches are time consuming due to 

the need for extensive hands-on image processing. We addressed this issue by creating 

the software Chrysalis and a suite of Imaris Xtensions to batch image processing and 

analysis (https://histo-cytometry.github.io/Chrysalis/). This automation reduced hands-on 

analysis time for confocal, epi-fluorescence, and two-photon microscopy images. The 



	 28	

broad applicability of this protocol was confirmed by quantifying cell localization and 

cell-cell interactions in the spleen using multiple imaging platforms. Automation should 

facilitate the use of the powerful histo-cytometry technique. 

 

3.2 Results 

 

Automated Processing of 3D images 

Image acquisition, processing, and analysis with histo-cytometry consists of eight 

steps (Fig. 1A). We developed a stand-alone software called Chrysalis for automating the 

three image processing steps (steps 2-4) as well as a suite of Imaris Xtensions that 

automate two of the image analysis steps (steps 6 and 7; Fig. 1A). For processing 3D 

images, Chrysalis spectrally unmixes images, merges images, and generates new 

channels prior to image analysis in Imaris (Fig. 1A). Each of these features addresses 

existing issues with standard image analysis workflows and expedites image analysis. For 

example, spectral unmixing accounts for spectral overlap between different fluorophores 

and fluorescent proteins (120). To aid in this step, we wrote a script that automatically 

generates a compensation matrix from user-provided single-color control images. 

Chrysalis uses this compensation matrix to spectrally unmix an image with a linear 

unmixing algorithm (Fig. 1B) (121).  

 Another issue addressed by Chrysalis is the image processing required for 

efficiently analyzing cell-cell interactions in 3D images. When analyzing cell-cell 

interactions, high magnification images need to be taken to observe the interaction event. 

Analysis of interactions in large tissues like spleen or lymph node can be performed by 
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tiling images of the entire tissue together. However, this process is extremely time 

intensive for image acquisition and analysis due to the high magnification and large 

number of images required. This approach is also inefficient in cases where the 

interaction event occurs only in a small percentage of the tissue. Rare interactions within 

3D images can instead be identified at the microscope allowing for the acquisition of only 

the images that depict the relevant interactions at high magnification prior to manually 

merging the images together for analysis. Such a process was previously applied to 

analyze T regulatory cell-dendritic cell (DC) clusters (51). To make it easier to study rare 

interaction events, Chrysalis can automatically merge multiple images from one tissue 

through stacking images in the z plane (Fig. 1C), which allows for time-efficient and 

consistent analysis of the relevant cell-cell interaction event.  

Some cell types require identification based on expression of multiple proteins. 

For example, DCs are identified by their expression of CD11c and MHC class II 

(MHCII), but not B220, F4/80, or CD3 (38, 87, 122). To address this issue, Chrysalis 

creates new channels consisting of voxels that are above a computer-generated threshold 

(123) for user-selected “include” channels and below a computer-generated threshold for 

user-selected “exclude” channels, a process called voxel gating (111). A user-selected 

base channel expressed by the cell type dictates the signal intensity in this new channel. 

For a new DC channel, CD11c and MHCII would be the include channels, while B220, 

F4/80, and CD3 would be the exclude channel and the base channel would be CD11c 

(Fig. 1D). In effect, this new channel provides better DC resolution than the CD11c 

channel alone. 
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Automated histo-cytometry analysis of 3D images 

For histo-cytometry analysis, Chrysalis processed images are imported into the 

image analysis software Imaris, which creates surfaces to identify cells based on the 

image’s channels (111, 115, 117, 124). These surfaces are created based on user-specified 

fluorescence intensity thresholds for the cell population of interest and the expected 

diameter of the cell. For example, non-proliferating adoptively transferred TCR Tg T 

cells can be identified based on the fluorescence intensity of a congenic marker antibody 

and a six µm diameter cell size. Once the surface creation parameters are set for one 

image, they can be automatically applied to other images that were acquired with the 

same microscope settings. However, it is important to visually inspect the quality of 

surface generation for each image by checking for potential issues, such as whether a 

group of cells is classified as a single cell. This step is necessary because differences in 

cell state, e.g. resting versus proliferating cells, can impact the accuracy of surface 

creation.  

Traditionally, the steps required to analyze surfaces requires extensive hands-on 

time. Thus, we created the Xtension XTChrysalis, which automates this process. 

XTChrysalis 1) separates existing surfaces into new surfaces based on a gating scheme 

defined in a Xtension called Sortomato, 2) calculates distances to each new surface, 3) 

rescales signal intensities for any images, and 4) exports statistics for any surface (Fig. 

1A). The exported statistics contains each channel’s intensity mean and minimum values 

as well as each cell’s volume, sphericity, and position. All values have 0.1 added to them 

to enable logarithmic display of each parameter. This data can be directly imported into 

quantitative analysis software, like Flowjo or XiT (125), for further analysis. 
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Analyzing T cell activation and T cell-DC interactions in 3D images 

To demonstrate 3D image analysis with Chrysalis and XTChrysalis, we analyzed 

images of T cells, DCs, and their interactions captured by confocal microscopy. 

Following infection, DCs interact with T cells by presenting MHCII-bound peptides 

derived from the invading pathogen, leading to TCR signaling (126, 127). To analyze this 

type of interaction, splenic tissue from Lm infected mice was analyzed by 10 color 

confocal microscopy. T cell responses were examined using a system involving adoptive 

transfer of B3K506 TCR transgenic (Tg) CD4+ T cells that express P5R peptide:MHCII-

specific TCRs. B3K506 TCR Tg T cells were injected into B6 recipient that were then 

infected with Lm-P5R bacteria. Twenty-four h after infection, 12 T cell zones were 

imaged per spleen to obtain sufficient cells for analysis (128). We used Chrysalis to 

spectrally unmix, rescale, and merge images, and generate a new channel representing 

DC voxels before image analysis in Imaris (Fig. 2A). TCR Tg cell surfaces were then 

created based on CD45.2 fluorescence (Fig. 2B). Staining for the phosphorylated form of 

S6 kinase (pS6), an indicator of TCR signaling (129), was examined within those 

surfaces to identify cells undergoing TCR signaling (Fig. 2B). DC surfaces were 

generated based on the DC voxel channel, thereby identifying hundreds of DCs (Fig. 2C). 

The Sortomato Xtension was used to identify a gating strategy to subset the DCs based 

on expression of CD8⍺ or SIRP⍺ (Fig. 2D) (38, 130-132). XTChrysalis was then applied 

to the processed images and the resulting data was analyzed in Flowjo.  

This automated workflow was compared to the traditional histo-cytometry 

protocol to determine the reduction in hands-on anaylsis time as a result of automation. 
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For this experiment, 12 splenic T cell zone images were acquired by confocal 

microscopy, as described in Fig. 2A. These images were analyzed to quantify T cell-DC 

interactions. The automated approach was performed as in Fig. 2A-D, while the 

traditional approach utilized the Leica Application Suite for image processing (steps 2-4) 

and Imaris for image analysis (steps 5-7; Fig. 1A). For the image processing, the 

traditional approach required 47 min of hands-on time while Chrysalis only required 4 

min, yielding a 91% reduction in hands-on time (Fig. 2E). Automation of the image 

analysis performed in Imaris provided a 74% reduction in hands-on time, requiring 80 

min with the traditional technique and 21 min with the automated protocol (Fig. 2E). 

These results demonstrate that the Chrysalis automated workflow confers a significant 

reduction in hands-on time required for histo-cytometry analysis of confocal images. 

 

Identifying T cell-DC interactions by signal absorption 

As expected, B3K506 TCR Tg cells in confocal images contained CD45.2 signal, 

while DCs had CD11c and MHCII signals (Fig. 3A). Surprisingly, however, there were 

two populations of TCR Tg cells, one lacking CD11c and MHCII signals and one with 

these signals (Fig. 3B). The populations were similar in cell size but the MHCIIhigh 

CD11chigh population had greater TCR signaling based on pS6 expression (Fig. 3B). 

Since MHCII and CD11c are not expressed by T cells (133), we hypothesized that the 

TCR Tg cell surfaces “absorbed” MHCII and CD11c signals by being in close proximity 

to DCs. This hypothesis was tested by comparing the frequency of T cell-DC interactions 

for the MHCIIhigh CD11chigh and the MHCIIlow CD11clow T cells. The MHCIIhigh 

CD11chigh T cells interacted with XCR1+ and SIRP⍺+ DCs 10 times as often as the 
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MHCIIlow CD11clow T cells, suggesting that the DC signal absorption hypothesis was 

correct (Fig. 3C). 

 

Quantifying cellular localization in epi-fluorescence microscopy images 

The experimental approach described above was also used to assess the locations 

of B3K506 TCR Tg cells by epi-fluorescence microscopy. Spleens from B6 recipients of 

B3K506 T cells infected three d earlier with Lm-P5R bacteria were stained for F4/80, 

B220, and CD4 to identify the red pulp, B cell zones, and T cell zones, respectively (Fig. 

3D) (134, 135). Spleens were also stained for CD45.2 to identify the TCR Tg cells. 

Macrophages in the red pulp express F4/80 (135) and B cells in the B cell zone express 

B220 (136), but neither protein is expressed by T cells (137-139). Therefore, TCR Tg 

surfaces that have B220 signal should be in close proximity to B cells and reside in B cell 

follicles while those with F4/80 signal should be near macrophages and localize to the red 

pulp. Indeed, although most of the B3K506 T cells were in the T cell zones, some were in 

the B cell follicles and absorbed B220 signal, while others were in the red pulp and 

absorbed F4/80 signal (Fig. 3D). Thus, the location of a cell can be determined based on 

‘absorption’ of fluorescent signal from proteins expressed by nearby cells. 

 The ‘signal absorption’ strategy was further validated by comparing this strategy 

to a different counting method. Epi-fluorescence microscopy images were acquired and 

analyzed as described in Fig. 3D and the localization of the TCR Tg cells to B cell 

follicles was analyzed. For the ‘signal absorption’ strategy, follicular TCR Tg cells were 

defined based on their absorption of B220 fluorescent signal (Fig. 3E). In the other 

method, Imaris was used to determine the distance of each T cell from a follicle edge to 
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the center of that follicle. A distance greater than 0 µm indicated that a T cell resided in 

the follicle (Fig. 3E). There was no significant difference in the percentages of T cells 

found in B cell follicles based on the signal absorption or distance quantification methods 

(Fig. 3F). These results demonstrate that signal absorption can determine cellular 

localization as accurately as a more traditional counting technique. 

 

The effect of TCR affinity on T cell localization 

The capacity of the signal absorption strategy to identify cell location was also 

employed to validate the concept that TCR signal strength influences Th cell 

differentiation (71). It has been shown that naïve T cells with high TCR affinity for 

peptide:MHCII tend to differentiate into Type 1 helper (Th1) cells while cells with lower 

affinity TCRs primarily adopt the T follicular helper (Tfh) fate (68, 72). These 

differences in T cell differentiation would be expected to modulate T cell localization 

because different Th subsets express different chemokine receptors. For example, Th1 

cells express CXCR3 (140, 141) driving them towards sites of inflammation such as the 

splenic red pulp, while Tfh cells express CXCR5 allowing them to traffic into B cell 

follicles (142, 143). Thus, Tfh-biased low TCR affinity T cells would localize to B cell 

follicles at a higher frequency than Th1-biased high TCR affinity T cells.  

B3K506 T cells were compared to B3K508 TCR Tg T cells, which express TCRs 

with lower affinity for P5R:I-Ab complexes, to test this hypothesis (90, 144). The TCR 

Tg populations were transferred into B6 mice, which were infected with Lm-P5R 

bacteria. Spleen sections were stained, imaged by epi-fluorescence microscopy, and 

analyzed with Chrysalis one, two, and three d after infection. As in the previous 



	 35	

experiment (Fig. 3D), B220 identified B cell follicles, CD4 defined T cell zones, F4/80 

delineated red pulp, and CD45.2 specified TCR Tg T cells (Fig. 4A). T cell localization 

in the follicles or red pulp was identified based on T cell absorption of B220 or F4/80 

signal, respectively (Fig. 4B). As expected, TCR Tg cells were primarily situated in T 

cell zones in naive mice and during the initial three d following Lm-P5R infection (Fig. 

4C-E). However, the signal absorption assay revealed a greater proportion of low TCR 

affinity B3K508 T cells localized to B cell follicles than high TCR affinity B3K506 T 

cells, in line with B3K508 T cells favoring the B cell follicle-homing Tfh cell fate (Fig. 

4D) (68). This result demonstrates the ability of the improved histo-cytometry workflow 

to quantify cellular localization in epi-fluorescence microscopy images with a novel 

signal absorption strategy. 

 

Automated processing and histo-cytometry analysis of two-photon microscopy 

images 

Previously, histo-cytometry has been applied to 3D images, however this same 

methodology can be applied to two-photon time-lapse data (movies) (51, 115). Chrysalis 

can aid in this application because it can spectrally unmix, generate new channels, and 

rescale movies (Fig. 5A). Additionally, Chrysalis expedites two-photon movie analysis 

by simplifying existing workflows. For example, two-photon movies can have variable 

image quality due to poor tissue health stemming from a lack of oxygenation or low 

tissue temperature (145, 146). Tissue health can be assessed by examining the motility of 

a control population within the tissue, like fluorescently labeled polyclonal T cells (147). 

By reviewing the motility of a control cell population across several movies, movies that 
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depict healthy tissue can be identified prior to conducting in-depth analysis. To optimize 

this process, Chrysalis processes movies by Gaussian filtering and rescales each channel 

to maximize signal intensity and movie clarity. The processed movies are saved as AVI 

files, which can be quickly examined for tissue health prior to performing more time-

consuming analysis. 

We have also written an Imaris Xtension called XTChrysalis2phtn that batches 

histo-cytometry analysis of two-photon movies. For each movie, XTChrysalis2phtn will 

1) calculate distances between cell surfaces and define cell-cell interactions at each time 

point, 2) rescale signal intensities, and 3) export statistics for each surface (e.g. average 

velocity, displacement, volume, and cell-cell interactions) (Fig. 5A). The data generated 

can be directly imported into Flowjo for further analysis. Thus, Chrysalis and 

XTChrysalis2phtn automate histo-cytometry analysis of cell-cell interactions and protein 

expression in two-photon movies thereby reducing the required hands-on analysis time. 

To demonstrate this improved workflow, T cell-DC interactions were quantified in two-

photon microscopy movies depicting spleens from B6 recipients of B3K506, B3K508, 

and TEa TCR Tg cells infected 16 h earlier with Lm-P5R bacteria. The two-photon 

movies had 4 colors, which identified DCs and the three different TCR Tg populations 

(Fig. 5B) (96). Chrysalis spectrally unmixed and rescaled the movies, as well as 

generated AVI files to determine tissue health. For further analysis, the processed movies 

were opened in Imaris and surfaces were generated for the DCs and TCR Tg populations 

(Fig. 5B). XTChrysalis2phtn then generated cell statistics for analysis in Flowjo, which 

provided a way to compare B3K506 and B3K508 T cells recognizing P5R:I-Ab on DCs. 

TEa TCR Tg cells served as control cells because they do not respond to the infection 
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(68, 90). The B3K506 and B3K508 cells had lower mean velocity than the TEa cells, 

suggesting that B3K506 and B3K508 cells interacted with DCs after infection while TEa 

cells did not (Fig. 5C). In line with this hypothesis, B3K506 cells had a lower 

confinement correlate value and greater contact time with DCs than TEa cells (Fig. 5D). 

Histo-cytometry analysis of these T cell-DC interactions allowed for a more granular 

view of these interactions by quantifying the duration of the longest contact event as well 

as the number of prolonged contact events for each T cell (Fig. 5D). As expected, T cells 

with the longest contact events with DCs made fewer total contacts with DCs (Fig. 5D). 

This example demonstrates a powerful and streamlined workflow for analyzing two-

photon movies. 

 

3.3 Discussion 

 

The Chrysalis software and Imaris Xtensions described in this thesis can be 

applied to a broad range of biological questions, while reducing analysis time and 

empowering quantitative image analysis. We demonstrated the power of this workflow 

by quantifying T cell localization within splenic tissue in epi-fluorescence images, T cell-

DC interactions in confocal microscopy images, and T cell motility and T cell-DC 

interactions in two-photon microscopy images. These same approaches can answer other 

immunological questions that require the quantification of cell localization, cell-cell 

interactions, or the ability to subset cells in images. 

To extend the capabilities of this workflow beyond the applications described 

here, we also generated separate Imaris Xtensions for each of the major steps performed 
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by XTChrysalis, like batched statistics export. With these additional Xtensions, users can 

daisy chain Xtensions to batch image analysis in a manner that specifically addresses 

their research question. To further facilitate the use of this quantitative imaging approach 

in immunological research, we provide a step-by-step protocol that incorporates the 

automation steps detailed in this manuscript to streamline acquisition and analysis of 

confocal, epi-fluorescence, and two-photon microscopy images. 

While our protocol utilizes the commercial image analysis software Imaris, it can 

also be paired with free, publically available software such as CellProfiler and ilastik 

(148-151). While these programs do not have all of the features of Imaris, these programs 

are able to perform cell segmentation to identify cells within images, an essential step in 

the histo-cytometry workflow that is performed by Imaris in our protocol. Additionally, 

although our protocol utilizes the commercial software Flowjo for comparing and 

quantifying image-derived statistics for each identified cell population, publicly available 

software such as XiT and FACSanadu (125, 152) can be used within our workflow in 

place of Flowjo for quantifying images.  

To further reduce analysis time, we developed a signal absorption technique that 

expedites the quantification of cellular localization. The premise of this method is that a 

cell near other cells will absorb the nearby cell’s fluorescence. For example, a T cell 

residing in a B cell follicle will absorb B220 signal from nearby B cells. Signal 

absorption can then be used as a readout of cell location. This strategy is favorable over 

directly quantifying cell distance to a tissue structure because signal absorption only 

requires creating surfaces for cells and measuring their fluorescent signal. Conversely, 

the distance quantification approach involves creating surfaces for cells and tissue 
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structures before quantifying the cells distance to the tissue structure. While the distance 

quantification approach provides a more definitive determination of localization, the 

extra steps of this approach require greater hands-on analysis time and computational 

power. This problem is exacerbated when the distance quantification approach is applied 

to the analysis of large tissues, like the spleen, or to many biological samples. Therefore, 

the signal absorption strategy is a simpler and more time-efficient approach for 

quantifying cellular localization in certain cases. 

 While we demonstrated that the signal absorption technique works with a variety 

of image resolutions, it might not be compatible with very high-resolution microscopy 

techniques, like super-resolution microscopy, because signal overlap will not occur. An 

additional limitation of the signal absorption technique is the fluorescence intensity of the 

signal being absorbed. For example, B220 is highly expressed by B cells and they are 

abundant in B cell follicles. Therefore, it was possible to use signal absorption of B220 to 

accurately quantify T cell localization to B cell follicles. If B cells had low florescence 

intensity for their identifying marker or were extremely rare in the follicles, then the 

signal absorption method could not be used to quantify follicular T cells.     

In summary, Chrysalis and the suite of Imaris Xtensions provide a high-

throughput image processing workflow for confocal, epi-fluorescence, and two-photon 

microscopy images. This approach identifies subtle differences in cell phenotype and 

cell-cell interactions, while also offering up to a 90% reduction in hands-on analysis time. 

This time-savings reduces the barrier of entry for conducting quantitative, multispectral 

image analysis. Accessibility to this image analysis pipeline is further enhanced by the 

accompanying step-by-step protocol describing how to prepare samples, acquire images, 
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and analyze images using the novel Chrysalis software and Imaris Xtensions for 

confocal, epi-fluorescence, and two-photon microscopy images. An increase in the 

widespread adoption of these powerful, quantitative image analysis approaches will allow 

for novel and counterintuitive discoveries about the function and maintenance of the 

immune system. 
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Figure 1. Image Processing with Chrysalis.  

(A) Diagram of the histo-cytometry workflow on 3D images when automated by 

Chrysalis and XTChrysalis. (B) B220 and F4/80 staining of splenic tissue before and 

after spectral unmixing in Chrysalis. (C) CD11c staining and histogram of DCs in 12 

confocal microscopy images merged together in the z plane. (D) Generation of a DC 

voxel channel with Chrysalis’ new channel feature by utilizing the fluorescence of 

existing channels including B220, CD11c, F4/80 and MHCII, which are depicted for a 

splenic tissue section. Scale bar, 20 µm. Data representing two to three independent 

experiments are shown. 
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Figure 2. Chrysalis and XTChrysalis analysis of a 3D image.  

(A) Confocal microscopy 10 color image before and after Chrysalis processing. (B) 

Identifying TCR Tg cells with CD45.2 staining and TCR signaling based on pS6 

expression. (C) DC voxels (CD11c+ MHCII+ B220- CD3- F4/80-) that were used to 

identify DCs by surface creation in Imaris. (D) 2D plot generated with Sortomato for 

subsetting DC surfaces into SIRP⍺+ or XCR1+ DCs based on SIRP⍺ and CD8⍺ 

expression. (E) Comparison of the hands-on time required for histo-cytometry analysis of 

a set of confocal microscopy images of a spleen using the traditional or Chrysalis 

automated workflow depicted in reference to the diagram in Fig. 1A. Scale bar, 20 µm. 

Data representing two to three independent experiments are shown. 
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Figure 3.  The ‘signal absorption’ strategy can accurately quantify cell-cell 

interactions and cellular localization.  

(A) Flowjo analysis of CD11c, CD45.2, and MHCII expression on DCs (green) and 

B3K506 TCR Tg T cells (red) identified in confocal microscopy images. (B) Histogram 

of volume and pS6 expression for MHCIIhigh CD11chigh (red) and MHCIIlow CD11clow 

(blue) TCR Tg T cells. (C) Quantifying T cell-DC interactions for MHCIIhigh CD11chigh 

(red) and MHCIIlow CD11clow (blue) TCR Tg T cells with SIRP⍺+ and XCR1+ DCs. (D) 

Epi-fluorescence image of splenic tissue stained for F4/80, B220, CD4, and CD45.2, with 

TCR Tg cell surfaces created based on CD45.2 fluorescence. TCR Tg surfaces were 
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subsetted into cells that absorbed B220 or F4/80 thereby allowing for the characterization 

of TCR Tg cell localization. (E) Representative gating scheme with 10-1 µm added to 

each cell for logarithmic visualization and (F) quantification of the percent of TCR Tg 

cells in B cell follicles three d after Lm-P5R infection when analyzed by B220 absorption 

or T cell distance into B cell follicles (n=7). Scale bar, 20 µm. Data representing two to 

three independent experiments are shown. A paired t test was used to determine 

significance for F. No significant difference was detected. 
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Figure 4. T cells primarily reside in T cell zones following Listeria infection, and low 

affinity T cells traffic into B cell follicles more than high affinity T cells.  

(A) Representative images of B220, CD4, CD45.2, and F4/80 staining of a splenic tissue 

section acquired by epi-fluorescence microscopy. (B) Gating strategy for using ‘signal 

absorption’ to identify B cell follicle (B220+) or red pulp (F4/80+) residing TCR Tg T 

cells in epi-fluorescence microscopy images. (C-E) Quantification of epi-fluorescence 

microscopy images that determine B3K506 (filled circle, n=4) and B3K508 (empty 

circle, n=4) cell localization in (C) T cell zone, (D) B cell follicle, or (E) red pulp in 

spleens of naïve mice and mice one, two, or, three d after Lm-P5R infection. Scale bar, 
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100 µm. Pooled data from three independent experiments are shown. One-way ANOVA 

was used to determine significance for D. * = p < 0.05, ** = p < 0.01. 
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Figure 5. Chrysalis and XTChrysalis2phtn analysis of a two-photon microscopy 

movie.  

(A) Diagram of the histo-cytometry workflow on two-photon movies when automated by 

Chrysalis and XTChrysalis2phtn. (B) Surface-mediated identification of B3K506, 

B3K508, and TEa TCR Tg cells as well as DCs in two-photon movies. (C) Quantifying 

cellular velocity in a two-photon movie with Flowjo for B3K506 (red), B3K508 (blue), 

and TEa (grey) TCR Tg T cells. (D) Flowjo analysis of B3K506 and TEa TCR Tg cells in 

a two-photon movie, with quantification of track straightness, total contact time with 
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DCs, longest contact with a DC, and number of prolonged contacts with DCs. Scale bar, 

20 µm. Data representing two to three independent experiments are shown. 
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Chapter 4 

 

TCR affinity biases Th cell differentiation by regulating CD25, Eef1e1, and Gbp2 

 

4.1 Introduction 

 

CD4+ T lymphocytes are critical for controlling infections through their ability to 

provide help to B cells, cytotoxic T cells, or myeloid cells (153). CD4+ T cells provide 

these diverse functions by differentiating into specialized subsets following TCR 

recognition of p:MHCII complexes on the surface of DCs and in the context of cytokines 

from the innate immune system (128, 153, 154). Work by our group and others has 

shown that TCR dwell time on p:MHCII, which strongly correlates with TCR affinity, 

also influences Th cell differentiation (68, 69, 71). In our experiments, increases in TCR 

affinity corresponding to p:MHCII dwell times of 0.9 to 2.3 s correlated with increased 

differentiation of macrophage-helping Th1 cells and decreased formation of B cell-

helping Tfh cells (68, 71, 72). Although Th1 differentiation fostered by high affinity TCR 

interactions is related to strong induction of the IRF4 transcription factor (155), 

additional aspects of the mechanism by which TCR affinity affects T cell differentiation 

have yet to be determined. 

IL-2 receptor signaling promotes Th1 and suppresses Tfh differentiation by 

driving STAT5 activation and induction of Blimp1, a repressor for the Tfh promoting 

transcription factor Bcl-6 (63, 66, 95, 156-159). Potentially, TCR affinity regulates Th 

cell differentiation, in part, by influencing IL-2 signaling. We therefore tested two TCR 
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affinity-regulated IL-2 signaling-based mechanisms, one rooted in dendritic cell Ag 

presentation and another focused on IL-2 receptor alpha chain (CD25) expression. The 

two major classical dendritic cells (DCs) in the spleen differ in p:MHCII presentation and 

IL-2 consumption potential (38, 39, 43). XCR1+ DCs are potent producers of the Th1-

inducing cytokine IL-12 (43), but are relatively poor producers of p:MHCII complexes, 

whereas SIRP⍺+ DCs consume IL-2 and are weak IL-12 producers, but are strong 

producers of p:MHCII complexes (39). Thus, it is possible that high TCR affinity could 

bias toward Th1 differentiation because only Th cells with high affinity TCRs cells could 

access the small number of p:MHCII complexes displayed on XCR1+ DCs, while low 

affinity cells could access the abundant p:MHCII complexes on SIRP⍺+ DCs favoring 

Tfh differentiation (160). Alternatively, since IL-2 receptor expression is proportional to 

the strength of TCR signaling and drives Th1-promoting STAT5 activation (63, 66, 95, 

156-159), Th cells with high affinity TCRs may be intrinsically more likely to become 

Th1 cells than Th cells with low affinity TCRs. 

We tested these models by examining the influence of TCR affinity on 

differentiation and T cell-DC interactions using two TCR transgenic (Tg) strains that 

contain T cells with differing TCR affinities for the same p:MHCII ligand (90). We found 

that Th cells with low, medium, or high affinity TCRs T cells tended to adopt 

uncommitted, Tfh, or non-Tfh fates, respectively, after exposure to bacteria or virus 

expressing the relevant peptide. In all cases, Th cells interacted more frequently with 

SIRP⍺+ DCs than with XCR1+ DCs, indicating that differential interactions with DCs did 

not account for TCR affinity-based differences in Th1/Tfh formation. Rather, TCR 

affinity influenced Th differentiation by controlling the expression of the IL-2 receptor 



	 51	

and eukaryotic translation elongation factor 1 epsilon 1 (Eef1e1), which promoted Th1 

cells, and guanylate binding protein 2 (Gbp2), which promoted Tfh cells.  Our results 

suggest that TCR affinity-based effects on Th differentiation are related to the capacity of 

the TCR to induce different genetic programs at different affinity levels. 

 

4.2 Results 

 

TCR affinity biases Th cell differentiation 

We utilized B3K506 and B3K508 TCR Tg strains (90) to examine the 

relationship between TCR affinity and T cell differentiation. B3K506 and B3K508 mice 

contain monoclonal populations of CD4+ T cells with TCRs that bind to a peptide called 

P5R complexed with the I-Ab MHCII molecule of C57BL/6 (B6) mice. The B3K506 

TCR, however, binds more strongly to this ligand than B3K508 TCR (KDs of 11 and 93 

µM) while the B3K508 TCR binds to a related ligand P2A:I-Ab more strongly than the 

B3K506 TCR (KDs of 175 and 278 µM). The KDs of 11 and 93 µM will be considered 

high and medium affinities, respectively, while KDs of 175 and 278 µM will be 

considered to be low affinities. The effect of these affinity differences on differentiation 

was examined by adoptive transfer of CD90.1+ B3K506 or B3K508 T cells into CD90.2+ 

mice (161) that were then infected intravenously with Lm bacteria engineered to express 

P5R (Lm-P5R) or P2A (Lm-P2A) peptide. 

As expected from the work of Huseby and colleagues (90), the expansion of 

B3K506 and B3K508 T cells in response to Lm-P5R and Lm-P2A infection correlated 

positively with TCR affinity (Fig. 6A). Previous work (53) indicated that Lm infection 
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drives the differentiation of Th1 cells, which express the T-bet transcription factor (46), 

and Tfh cells, which express the CXCR5 chemokine receptor (162-164). B3K506 and 

B3K508 cells also adopted these fates (Fig. 6B), although high TCR affinity (lower KD) 

biased differentiation to the Th1 fate and medium affinity towards the Tfh fate as we 

reported previously (68), while lower affinity T cells predominantly remained 

uncommitted as defined by a lack of T-bet or CXCR5 (Fig. 6C). This result was 

recapitulated in mice infected with influenza expressing P5R (PR8-P5R). After PR8-P5R 

infection, T cells with a higher TCR affinity were again biased towards the Th1 fate 

while lower TCR affinity biased cells towards the Tfh fate, demonstrating that the 

influence of TCR affinity on T cell differentiation is not restricted to Lm infection (Fig. 

6D).  

The effect of TCR affinity on T cell differentiation was also tested after intranasal 

Lm-P5R infection, which induces Th17 cells along with Th1 and Tfh cells (56). Th17 

differentiation was identified by expression of the lineage-defining transcription factor 

RORɣt (47).  B3K506 cells generated larger fractions of Th17 and Th1 cells, an equal 

fraction of Tfh cells, and a lower fraction of uncommitted cells than B3K508 cells (Fig. 

6E), suggesting that high TCR affinity also promotes the Th17 fate. The large percentage 

of uncommitted Th cells observed after this infection was likely a consequence of low Ag 

presentation due to poor adaptation of this enteric bacterium to the intranasal route.  

 

XCR1+ and SIRPa+ DCs differ in Ag presentation and effect on T cell 

differentiation 
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Before testing the differential Ag presentation hypothesis, we first examined the 

kinetics of Th differentiation to identify the time when critical T-DC interactions occur. 

B3K506 and B3K508 cell differentiation was examined over the first three d after Lm 

infection because Th1/Tfh bifurcation occurred in this time frame in another system (108, 

156). A larger fraction of the B3K508 effector T cell population consisted of CXCR5+ 

cells than the B3K506 population on d one, two, and three after infection (Fig. 7A) and 

did not change after d three (Fig. 6C, 7A). These results suggest that the Th1/Tfh cell 

bifurcation occurs within the first three d following Lm infection. 

We also confirmed that SIRP⍺+ DCs produce more p:MHCII complexes than 

XCR1+ DCs after Lm infection as reported in another system (39). The amount of 

p:MHCII presentation was determined by measuring the capacity of purified splenic DCs 

from d two intravenously Lm-P5R-infected mice to stimulate CD69 and CD25 expression 

by cognate Th cells in vitro (39, 66) (Fig. 7B). SIRP⍺+ DCs were more potent activators 

of B3K508 cells than XCR1+ DCs in this assay (Fig. 7B), indicating that SIRP⍺+ DCs 

display more P5R:I-Ab complexes than XCR1+ DCs as expected. 

We then tested how the different DC types affected Th differentiation using a cell 

ablation strategy. The majority of SIRP⍺+ DCs, which express Clec4a4 (DCIR2), were 

ablated by administering diphtheria toxin (DT) to radiation chimeras generated with 

Clec4a4DTR bone marrow (42). The effect of XCR1+ DCs was studied with Batf3-/- mice, 

which lack these cells (165). A 60% reduction in SIRP⍺+ DCs led to an increase in Th1 

and a decrease in Tfh differentiation by B3K506 and B3K508 cells following Lm-P5R 

infection irrespective of TCR affinity (Fig. 7C). Ablation of XCR1+ DCs had the opposite 

effect - increased Tfh and decreased Th1 formation for high and medium affinity TCR T 
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cells (Fig. 7D). These results indicate that XCR1+ DCs are critical for optimal Th1 and 

SIRP⍺+ DCs for optimal Tfh differentiation after Lm infection for high and low affinity T 

cells. Thus, this approach indicated that differential Ag presentation by XCR1+ and 

SIRP⍺+ DCs cannot explain the tendency of high affinity cells to produce Th1 cells and 

low affinity cells to produce Tfh cells.  

 

TCR affinity does not influence T cell-DC interactions following Listeria infection 

Because cell ablation can result in compensatory effects (166), we also tested the 

DC preference model by direct observation of T-DC interactions in mice with a normal 

complement of DCs. Histo-cytometry was used to assess B3K506 and B3K508 T cell 

interactions with XCR1+ and SIRP⍺+ DC because two-photon microscopy cannot 

simultaneously resolve all the T cell and DC populations of interest. The analysis focused 

on T cell zones of splenic sections from Lm-P5R infected and naive CD45.1+ mice that 

received CD45.2+ B3K506 or B3K508 cells because the T cells were primarily located in 

this location (161). TCR Tg cells were identified based on the congenic marker, CD45.2, 

which was used to generate digital surfaces corresponding to these cells (Fig. 8A and 

8B). TCR Tg Th cells receiving acute TCR signals and thus likely engaged in productive 

interactions with DCs were identified by staining the phosphorylated form of S6 kinase 

(pS6) (129) (Fig. 8B, 8C). Although B3K506 and B3K508 cells had equal pS6 levels one 

d after infection, B3K508 cells had significantly lower values one d later (Fig. 8D). This 

result suggests that higher TCR affinity B3K506 cells had more prolonged TCR signaling 

than lower TCR affinity B3K508 cells. 
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Th cell interactions with the DCs subsets were then assessed. DCs were identified 

by generating surfaces on a DC channel that contained voxels with strong MHCII and 

CD11c, but weak B220, CD3, F4/80, and CD45.2 signal (Fig. 9A). XCR1+ DCs and 

SIRP⍺+ DCs were identified based on CD8⍺ and SIRP⍺ expression, respectively (38, 43, 

167, 168) (Fig. 9B). Identification of XCR1+ and SIRP⍺+ DCs was validated by 

comparing the DC gating strategy in WT and Batf3-/- mice, which lack XCR1+ DCs, 1 d 

after Lm-P5R infection (Fig. 9B). DCs in the WT mice consisted of approximately 30% 

XCR1+ DCs and 70% SIRP⍺+ DCs, while over 90% of the DCs were XCR1+ DCs in 

Batf3-/- mice (Fig. 9B). Productive T cell-DC interactions were identified as T cells 

undergoing TCR signaling (pS6+) and touching a DC(s) (Fig. 9C). B3K506 and B3K508 

cells interacted equally with DCs one and two d after Lm-P5R infection (Fig. 9D). The 

ratio of T cell contacts with SIRP⍺+ or XCR1+ DCs was analyzed to determine whether 

low or high affinity T cells interacted preferentially with one DC subset or the other. The 

analysis revealed that high affinity B3K506 and medium affinity B3K508 cells interacted 

1.5 times more frequently with SIRP⍺+ than with XCR1+ DCs one and two d after 

infection (Fig. 9E). Thus, TCR affinity-mediated bias in T cell differentiation was not 

associated with preferential access of low or high affinity T cells to a particular DC 

subset. 

 

CD25, Eef1e1, and Gbp2 are TCR regulated proteins that bias helper T cell 

differentiation 

The lack of impact on T cell-DC interactions suggested that TCR affinity 

regulates differentiation in a T cell intrinsic manner. We, therefore, tested a model in 
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which increasing TCR affinity for p:MHCII drives greater IL-2 receptor expression, 

STAT5 signaling, and Th1 differentiation. As described previously (71), B3K506 and 

B3K508 cells expressed CD25 (IL-2 receptor a) in a TCR affinity dependent manner two 

d after infection with Lm-P5R, with higher TCR affinity correlating with higher CD25 

expression (Fig. 10A). This difference in CD25 expression inversely correlated with Tfh 

differentiation for high and medium TCR affinity T cells, in line with IL-2 receptor signal 

transduction suppressing Tfh differentiation (63) (Fig. 10A). T cells with a low affinity 

TCR had the lowest CD25 expression, but less Tfh differentiation than T cells with a 

medium affinity TCR, which could be attributed to a larger proportion of uncommitted 

cells (Fig. 10A). These results suggest that high affinity TCR-p:MHCII interactions 

promote Th1 differentiation by maintaining CD25, which represses the Tfh fate. 

TCR signaling induces many proteins in addition to CD25, some of which could 

be mediators of TCR affinity-based effects on Th differentiation. We focused on nine 

candidates from a published list of genes induced in naïve TCR transgenic T cells in vitro 

to a greater extent by a large amount of agonist peptide than by a lower amount (66). The 

candidate genes were identified by excluding genes with less than 10 Reads Per Kilobase 

of transcript, per Million mapped for the no peptide condition, less than a 4-fold increase 

in expression in the high versus no peptide conditions, and less than a 2-fold increase in 

expression in the high versus low peptide conditions. Of the 12 most abundantly 

expressed genes, Nr4a1 and Irf4 were excluded from further analysis due to their well-

established roles in T cell differentiation (155, 169-174), while CD25 was used as a 

positive control.  
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Expression of the candidate genes was validated by quantitative PCR (qPCR) 

analysis of B3K506 and B3K508 T cells two d after Lm-P5R infection. Of the nine genes 

analyzed, seven were induced to a greater extent in B3K506 than B3K508 T cells 

indicating a dependence on TCR signaling (Fig. 10B). The role of these seven genes in 

Th cell differentiation was determined by disrupting each gene in B3K508 cells using 

CRISPR/Cas9-mediated gene targeting. Cas9-expressing B3K508 cells were transduced 

with a retrovirus encoding the fluorescent protein mAmetrine and guide RNAs (gRNA) 

targeting the candidate genes or the bacterial gene LacZ as a control. The transduced T 

cells were then transferred into B6 mice before intravenous infection of the mice with Lm 

bacteria expressing 3K peptide (Lm-3K). The transferred gRNA+ T cells were identified 

based on CD90.1 and mAmetrine expression and evaluated for adoption of the Th1, Tfh, 

and uncommitted cell lineages (Fig. 10C, 10D). The expansion of gRNA+ B3K508 cells 

in the recipient mice was unaffected in the majority of cases, with the exceptions of 

Eef1e1 and Srm, loss of which resulted in reduced or enhanced expansion, respectively 

(Fig. 10E). As expected, targeting the Il2ra gene encoding CD25 reduced Th1 

differentiation relative to the LacZ control population (Fig. 10F). Of the candidate genes, 

only Eef1e1 (encoding eukaryotic translation elongation factor 1 epsilon-1 (Eef1e1), also 

known as AIMP3 and p18) and Gbp2 (encoding GTP-binding protein 2 (Gbp2)) had 

significant effects on T cell differentiation. Ablation of Eef1e1 reduced Th1 

differentiation (Fig. 10F) while targeting Gbp2 led to enhanced Th1 differentiation. 

These results demonstrate that TCR-driven Eef1e1 promotes Th1 differentiation whereas 

Gbp2 inhibits this process. 

 



	 58	

4.3 Discussion 

 

Our results indicate that uncommitted effector Th cells are induced by low affinity 

TCR-p:MHCII interactions. Tfh cells then become the preferred effector cells as TCR 

affinity increases, until Th1 and Th17 cells become predominant at higher affinities. The 

facts that XCR1+ DCs are potent producers of IL-12 (43) but relatively poor producers of 

p:MHCII complexes, while IL-2 consuming SIRP⍺+ DCs have the opposite properties 

suggested an extrinsic explanation of these TCR affinity-based effects on Th cell 

differentiation. XCR1+ DCs could display fewer p:MHCII complexes than SIRP⍺+ DCs 

creating a situation where Th cells with low affinity TCRs would be unable to interact 

with XCR1+ DCs thereby receive IL-12 and become Th1 cells, but could still interact 

with SIRP⍺+ DCs to become Tfh cells. There was potential for this model to be correct 

because we confirmed that XCR1+ DCs present fewer P5R:I-Ab complexes than SIRP⍺+ 

DCs two d after Lm-P5R infection, the time frame when Tfh differentiation is initiated. 

However, we found medium and high affinity Th cells equally interacted with each DC 

subset, 20% with SIRP⍺+ DCs and 15% with XCR1+ DCs. Thus, the frequency of 

interaction with XCR1+ DCs cannot explain the greater tendency of high affinity Th cells 

to produce non-Tfh cells in this system.  

 We found better evidence in favor of a Th cell intrinsic mechanism. The CD25 

component of the IL-2 receptor was an attractive mediator of such an effect because its 

expression is proportional to TCR signaling (66, 72, 157, 158) and biases differentiation 

by inhibiting Tfh formation (63). We found that high TCR affinity positively correlated 

with stronger TCR signaling and maintenance of CD25 expression. Longer expression of 
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the IL-2 receptor would provide more time for induction of the STAT5-regulated Tfh 

repressor Blimp1 (63, 156). A similar situation may exist for Type 2 immune responses 

since the population of house dust mite allergen p:MHCII-specific Th cells induced by 

allergen inhalation is comprised of Th2 and Tfh cells (175) and Th2 cells are CD25-

dependent (176-178). 

Our results indicate that the Eef1e1 is another TCR signal strength responsive 

driver of the Th1 fate. Eef1e1 binds to Lamin A (179) and overexpression studies 

performed in cell lines demonstrated that Eef1e1 facilitates Lamin A ubiquitination and 

degradation via the ubiquitin ligase, Siah1 (180). Interestingly, Lamin A-deficient T cells 

have reduced in vivo Th1 differentiation (181), while Siah1 promotes Th17 cell 

differentiation in vitro (182). Thus, strong TCR signaling may favor the differentiation of 

non-Tfh cells by engaging a pathway involving Eef1e1, Lamin A, and Siah1. The Th1-

promoting effects of Eef1e1 may also be related to the role that we identified for this 

molecule in proliferation. Craft and colleagues showed that IL-2-mediated activation 

pathways associated with cellular proliferation promote Th1 over Tfh cell differentiation 

(183). Eef1e1, which interacts with ATM (184), a protein critical for TCR signaling-

induced proliferation (185) may contribute to this non-Tfh-promoting process.  

 Increased expression of Eef1e1, CD25, and IRF4 and induction of downstream 

pathways is a plausible explanation for the increase in Th1 formation that occurs as TCR 

affinity increases from moderate to high levels. This mechanism, however, cannot 

explain the increase in Tfh formation that occurs as TCR affinity increases from low to 

moderate levels. Our results indicate that Gbp2, a TCR-induced protein that promoted 

Tfh cell formation, could be involved in this transition. Gbp2 is associated with reduced 
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mitochondrial fission (186), which is important for aerobic glycolysis (187-189) and 

operates at low levels in Tfh cells (183, 190). Therefore, Gbp2 may promote Tfh 

formation by keeping aerobic glycolysis in check.  

Together, our results suggest a general model in which low TCR affinity and 

signaling induces Gbp2 thereby promoting Tfh differentiation, while high TCR affinity 

and signaling drives Eef1e1 and CD25, which represses the Tfh fate and promotes non-

Tfh cell formation. The type of non-Tfh cells would then depend on the type of cytokines 

produced by the innate immune system. For example, intranasal infection, which elicits 

IL-6 and TGF-β production by cervical lymph node DCs (52), would favor Th17 

differentiation, while intravenous infection, which stimulates IL-12 production by splenic 

XCR1+ DCs (43), would bias towards Th1 differentiation. This mechanism would ensure 

that polyclonal populations of epitope-specific naïve Th cells, which always contain a 

spectrum TCR affinities (97), generate effector cells capable of promoting humoral and 

cellular immunity suited to clearance of the microbe. The tendency of moderate affinity T 

cells to become Tfh cells may foster affinity maturation by only allowing B cells with the 

highest affinity immunoglobulins to garner T cell help, while diversion of high affinity T 

cells to become myeloid cell-helpers would ensure that the helped cells achieve the 

optimal state of microbicidal activity. 
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Figure 6. TCR affinity differences between B3K506 and B3K508 cells influence T 

cell expansion and bias T cell differentiation.  

(A) Fold expansion of B3K506 or B3K508 cells seven d after Lm-P5R (n=7) or Lm-P2A 

(B3K506 n=7, B3K508 n=8) infection plotted in relation to the affinity of the relevant 

TCR-p:MHCII interaction. (B) Representative flow cytometric identification of TCR Tg 

cells (red gates in the left and middle panels) in naive or Lm-P5R infected mice. Th1 (T-

bet+), Tfh (CXCR5+), or uncommitted (T-bet- CXCR5-) cells were identified in the right 

panel in the red, green and purple gates, respectively. (C) Differentiation (Th1 in red, Tfh 

in green, and uncommitted in blue) of B3K506 or B3K508 cells seven d after Lm-P5R 

(n=7) or Lm-P2A (B3K506 n=7, B3K508 n=8) infection plotted in relation to the affinity 

of the relevant TCR-p:MHCII interaction. (D) Frequency of Th1, Tfh, or uncommitted 

cells among B3K506 (filled circle, n=8) or B3K508 (empty circle, n=7) effector cell 

populations seven d after infection with influenza PR8-P5R. (E) Frequency of Th17, Th1, 
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Tfh, or uncommitted cells among B3K506 (filled circle, n=7) or B3K508 (empty circle, 

n=7) cells seven d after intranasal infection with Lm-P5R. The bars in D and E represent 

the mean. Pooled data from two or three independent experiments are shown. Multiple t 

tests were used to determine significance for D and E. A linear regression was used to 

calculate significance for A and a nonlinear fit was used to calculate the r2. * = p < 0.05, 

** = p < 0.01, *** = p < 0.001, **** = p < 0.0001. 
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Figure 7. Effect of genetic ablation of XCR1+ or SIRP⍺+ DCs on Th differentiation. 

(A) Tfh differentiation by B3K506 (filled circle, n=6) and B3K508 (empty circle, d 1 d 2 

n=6, d 3 n=8) cells in the initial three d following Lm-P5R infection. (B) Experimental 

model and resulting mean frequencies ± SD of CD69+ CD25+ B3K508 cells after one d of 

co-culture with SIRP⍺+ (square, n=3) or XCR1+ (circle, n=3) DCs from Lm-P5R infected 

mice two d post-infection. (C) Frequency of Tfh, Th1, or uncommitted cells among 

B3K506 or B3K508 TCR Tg cells in DT-treated WT (filled circle) or Clec4a4DTR (empty 

circle) mice three d after Lm-P5R (B3K506 WT n=8, Clec4a4DTR n=8; B3K508 WT n=6, 

Clec4a4DTR n=8) or Lm-P2A (B3K508 WT n=4, Clec4a4DTR n=6) infection. (D) 

Frequency of Tfh, Th1, or uncommitted cells among B3K506 or B3K508 cells in WT 

(filled circle) or Batf3-/- (empty circle) mice three d after Lm-P5R (B3K506  WT n=11, 
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Batf3-/- n=7; B3K508 WT n=8, Batf3-/- n=7) or Lm-P2A (B3K508 WT n=5, Batf3-/- n=7) 

infection. The bars in A, C, and D represent the mean. Pooled data from two or three 

independent experiments are shown. Two-way ANOVA was used to determine 

significance for B and one-way ANOVA with Sidak’s multiple comparison test was used 

to determine significance for A, C and D. * = p < 0.05, ** = p < 0.01, *** = p < 0.001, 

**** = p < 0.0001. 
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Figure 8. Histo-cytometry analysis of the effect of TCR affinity on T cell activation. 

(A) Representative images of TCR Tg cells identified with CD45.2 (red) and pS6 (green) 

in a spleen one d post-Lm-P5R infection. (B) Digital surfaces of the cells were created 

and analyzed with histo-cytometry. (C) TCR Tg cell expression of pS6 was then 

quantified in Flowjo. (D) Histo-cyotmetric quantification of B3K506 (filled circle) and 

B3K508 (empty circle) cell numbers and their pS6 expression in naïve mice and mice 

during the initial three d following Lm-P5R infection (naïve, d 1, d 2 n=6; d 3 n=4). The 

bars in B represent the mean. Scale bar, 20 µm. Pooled data from three independent 
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experiments are shown. One-way ANOVA was used to determine significance for D. ** 

= p < 0.01. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	 67	

 

Figure 9. Histo-cytometry analysis of DCs and T cell-DC interactions.  

(A) Representative images of MHCII (grey), CD11c (yellow), and B220 (purple) staining 

from a spleen one d post-Lm-P5R infection. Histo-cytometry was used to generate 

surfaces for DCs (CD11c+ MHCII+ B220- CD3- CD45.2- F4/80-). XCR1+ or SIRP⍺+ 

surfaces were identified among the DC surfaces based on the indicated gates. (B) Histo-

cytometry identification of XCR1+ and SIRP⍺+ DCs in WT and Batf3-/- mice infected 

with Lm-P5R for one d. (C) Representative histo-cytometry analysis displaying the 

percentage of pS6+ TCR Tg cells interacting with XCR1+ or SIRP⍺+ DCs in mice 

infected with Lm-P5R for one or two d. Interactions are defined as TCR Tg cells that are 

within 0 µm of either DC subset with 10-1 µm added to each cell for logarithmic 

visualization. (D) Histo-cytometry-identified interactions between pS6+ B3K506 (filled 
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circle, n=6) or B3K508 (empty circle, n=6) T cells with XCR1+ or SIRP⍺+ DCs in mice 

infected with Lm-P5R for one or two d. (E) Ratio of T cell interactions with SIRP⍺+ DC 

to XCR1+ DC interactions by pS6+ B3K506 (filled circle, n=6) or B3K508 (empty circle, 

n=6) T cells. The bars in D and E represent means. Scale bar, 20 µm. Pooled data from 

three independent experiments are shown. One-way ANOVA was used to determine 

significance for D and E. No significant differences were detected. 
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Figure 10. CD25, Eef1e1, and CD25 are upregulated by TCR signaling and bias 

helper T cell differentiation.  

(A) Frequency of CD25+ and CXCR5+ B3K506 and B3K508 T cells two d after infection 

with Lm-P5R (CD25% n=11, CXCR5% n=7) or Lm-P2A (n=7). (B) Fold change in gene 
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expression relative to B3K508 T cells based on qPCR analysis for B3K506 (filled circle, 

n=6) and B3K508 (empty circle, n=8) T cells two d after infection with Lm-P5R. (C) 

Representative flow cytometric identification of gRNA+ Cas9+ B3K508 T cells (red 

squares) seven d after Lm-3K infection and (D) their differentiation into Th1 (T-bet+), 

Tfh (CXCR5+), or uncommitted (T-bet- CXCR5-) lineages when targeting LacZ, CD25, 

Eef1e1, or Gbp2. (E) Quantification of gRNA+ Cas9+ B3K508 T cells and (F) their fold 

change in Th1% relative to the LacZ group seven d after Lm-3K infection. The bars in A, 

B, E, and F represent means. Pooled data from two or three independent experiments are 

shown. Multiple t tests were used to determine discoveries based on a false discovery rate 

of 5% for B and significance for A, E, and F. # = discovery, * = p < 0.05, ** = p < 0.01, 

*** = p < 0.001, **** = p < 0.0001. 
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Chapter 5 

 

Many helper T cell subsets have Fas ligand-dependent cytotoxic potential 

 

5.1 Introduction 

 

T cells have traditionally been categorized as cytotoxic CD8+ T cells and helper 

CD4+ T cells. Both types exist as quiescent naïve cells in the pre-immune repertoire, but 

proliferate and differentiate into effector cells following TCR binding to the relevant 

MHC-bound peptides on APCs. CD8+ effector T cells utilize Fas ligand (FasL), TNFα, 

perforin, and/or granzyme (191, 192) to kill cells displaying the relevant MHC-bound 

peptide. In contrast, CD4+ effector T cells secrete cytokines after interaction with cells 

expressing the relevant MHCII-bound peptide and typically enhance the microbicidal 

functions of the interacting cells. For example, Th1 cells migrate to sites of infection 

where they produce TNFα, IFN-ɣ, and CD40L, which activate macrophages to clear 

intracellular infections (41, 193-196).  

Recently, however, it has become clear that CD4+ T cells, usually Th1 cells, can 

also have direct cytotoxic activity (197-202) in vivo following infections and cancer (203, 

204). Cytotoxic Th cell frequency correlated with viral control in influenza- and HIV-

infected humans indicating a role for these cells in immunity (77, 83). In mouse models, 

cytotoxic Th cells depend on perforin for cytotoxic function and express KLRG1 and 

Ly6C, which are also expressed preferentially on Th1 cells (78, 200, 205, 206). In 

addition, cytotoxic Th cells can express the Th1-associated transcription factors Blimp1, 
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T-bet, and Eomes, and Eomes has been proposed as a master regulator of cytotoxic Th 

cell formation (46, 63, 78, 85, 86, 207, 208). It is unclear, however, whether Th1 cells are 

the only Th cells with cytotoxic activity.  

  Here, we characterized p:MHCII-specific cytotoxic CD4+ Th cell populations 

induced by immunization or acute infections. In these cases, cytotoxic Th formation did 

not require Eomes or perforin, was not limited to T-bet-expressing Th1 cells, and acted in 

part through a mechanism requiring Fas expression by target cells. Multiple Th subsets 

including T follicular helper (Tfh), regulatory T (Treg) cells, and Th17 cells expressed 

FasL, suggesting all could have cytotoxic potential. TCR-dependent interactions between 

p:MHCII-specific T cells and p:MHCII-bearing target cells induced Fas on the target 

cells. These results suggest that many different kinds of Th cells have the capacity to 

stimulate the target cell to express the surface protein that causes its demise.  

 

5.2 Results 

 

Generation of cytotoxic Th cells 

  We sought to identify an immunization regimen that drives a robust cytotoxic Th 

cell response. The 2W peptide was chosen as a model Ag because it is highly 

immunogenic in C57BL/6 (B6) mice and the TLR3 agonist Poly I:C was chosen as an 

adjuvant because it induces strong Th1 immunity of the kind thought to be associated 

with Th-mediated cytotoxicity (209, 210). A fluorochrome-labeled 2W:I-Ab tetramer and 

a magnetic bead-based cell enrichment method was used to track 2W:I-Ab-specific CD4+ 

T cells (97). As reported previously, unimmunized B6 mice contained about 200 2W:I-
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Ab-specific CD4+ T cells in their spleens (94) (Fig. 11A, 11B). This naïve precursor 

population increased to 3,000 CD44high effector cells seven days after injection of 2W 

peptide alone, or 30,000 such cells after injection of 2W peptide and Poly I:C (Fig. 11A, 

11B). The large increase in the number of 2W:I-Ab-specific CD4+ effector T cells 

induced in the presence of Poly I:C confirmed the adjuvant activity of this molecule. As 

expected, these T cells expressed CD4+ and not CD8α (67) (Fig. 11C). 

 CD4+ T cell-mediated cytotoxicity was then assessed using an in vivo assay. 

Target cells were prepared by labeling splenocytes with CellTrace Violet (CTV) at two 

concentrations. Cells labeled with a lower concentration were incubated with 2W peptide 

while cells labeled with a higher concentration were incubated without peptide. These 

cells were mixed and injected into naive or 2W peptide/PolyI:C-immunized mice. The 

target cells displaying 2W:I-Ab complexes were preferentially lysed, as indicated by a 

decrease in the percentage of cells with low CTV labeling (Fig. 12A). CD4 or CD8α 

depleting antibodies were then administered at the same time as the target cells to identify 

the cytotoxic population. The specific lysis was then calculated by taking the ratio of 2W-

incubated to no peptide-incubated target cells in 2W primed mice, and dividing this ratio 

by that in naïve mice (203). CD4 but not CD8α antibody treatment depleted 2W:I-Ab-

specific CD4+ T cells (Fig. 12B) and greatly reduced 2W-target cell lysis (Fig. 12C). 

These results demonstrate that 2W peptide/Poly I:C immunization generates a 2W:I-Ab-

specific CD4+ cytotoxic Th cell response. 

 

Analysis of the cytotoxic pathways utilized by Cytotoxic Th cells 
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We sought to define the pathways utilized by cytotoxic Th cells to kill target cells. 

CTV-labeled target cells deficient in expression of CD40, IFN-γ receptor, TNF receptor I 

and II, TRAIL receptor, or Fas were injected into wild-type (WT) mice that were primed 

with 2W peptide/Poly I:C (203, 211-214). The perforin pathway was tested by injecting 

CTV-labeled WT target cells into 2W peptide/Poly I:C-immunized perforin-deficient 

mice (206). WT and perforin-deficient mice generated similar numbers of 2W:I-Ab-

specific CD4+ T cells after priming (Fig. 13A). Of the six pathways tested, only 

deficiency in the Fas pathway caused a significant decrease in specific target cell lysis 

(Fig. 13B). The dependence of target cell lysis on Fas correlated with induction of FasL 

expression on the 2W:I-Ab-specific CD4+ effector T cells that formed in response to 2W 

peptide/Poly I:C immunization (Fig. 13C, 13D). These results suggest that peptide/Poly 

I:C-induced Th cells kill target cells by inducing FasL to engage Fas expressed on the 

target cells. 

  Cytotoxic Th cells have been shown to be protective against viral infections in 

humans and mice, and CD4+ T cells expressing cytotoxic cell associated markers have 

been identified following bacterial infections (77, 78, 83, 206). Therefore, we determined 

whether the Fas pathway is important for cytotoxic Th cell-mediated killing under these 

conditions. Mice were infected with Lymphocytic Choriomeningitis Virus (LCMV) or 

Listeria monocytogenes-expressing 2W peptide (Lm-2W) and Ag-specific CD4+ T cell 

responses were examined using LCMV GP66:I-Ab or 2W:I-Ab tetramers, respectively. 

Both infections induced expansion of the relevant CD4+ T cell populations although 

LCMV induced more than Lm-2W (Fig. 14A). In both cases, the relevant CD4+ T cell 

populations expressed FasL with Lm-2W infection driving significantly higher expression 



	 75	

(Fig. 14B). Both the LCMV and Lm-2W infected mice showed substantial specific target 

cell lysis in vivo, which was significantly but partially reduced in the case of Fas-

deficient target cells (Fig. 14C, 14D). The Lm-2W infected mice did not exhibit as robust 

specific cell lysis as the LCMV infected mice in line with the sizes of their CD4+ T cell 

responses (Fig. 14A, 14C, 14D). Taken together, these results suggest that the Fas 

pathway is involved in the killing of target cells by cytotoxic Th cells induced by acute 

viral and bacterial infections. 

  

The relationship between different T helper subsets and cytotoxic function 

  The Th subsets induced by peptide/Poly I:C immunization were examined to 

determine which ones could have been responsible for cytotoxicity. Th1 and Treg cells 

were identified based on expression of the lineage defining transcription factors T-bet and 

Foxp3, respectively, while Tfh cells were identified based on expression of the 

chemokine receptor CXCR5 (Fig. 15A; (44-46, 143, 215). The 2W:I-Ab-specific naïve 

CD4+ T population in unimmunized mice contains about 10% Treg cells, but no Th1 or 

Tfh cells (67, 68). In contrast, the 2W:I-Ab-specific effector cell population generated by 

2W peptide/Poly I:C immunization consisted of 59% Th1, 3% Treg, 8% Tfh, and 30% 

cells of unknown lineage (Fig. 15B). T-bet-deficient mice, which do not generate Th1 

cells, were then examined to test the cytotoxic potential of this subset (216). The clonal 

expansion of T-bet-deficient 2W:I-Ab-specific CD4+ T cells was equivalent to their WT 

counterparts following immunization with 2W peptide/Poly I:C (Fig. 15C). As expected, 

T-bet-deficient 2W:I-Ab-specific CD4+ T cells did not become Th1 cells (Fig. 15B) or 

produce IFN-γ after peptide challenge (Fig. 15D) and instead became unknown effector 



	 76	

cells distinct from Tfh or Treg cells (Fig. 15B). Remarkably, 2W-pulsed target cells were 

killed as efficiently in T-bet-deficient mice as they were in WT mice (Fig. 15E). These 

results demonstrate that although 2W peptide/Poly I:C immunization induces primarily 

Th1 cells, the function of these cells is not necessary for Th cell-mediated killing. 

The surprising Th cell-mediated cytotoxicity in T-bet-deficient mice warranted 

investigation of the role of Eomes, another transcription that has been implicated in 

cytotoxic function (78). About 10% of the 2W:I-Ab-specific CD4+ T cells in 2W/PolyI:C-

immunized WT mice expressed Eomes (Fig. 16A, 16B), mainly in T-bet+ Th1 cells (Fig. 

6A). The 2W:I-Ab-specific CD4+ T cells in Cd4-Cre Eomesfl/fl mice did not express 

Eomes (Fig. 16A), proliferated (Fig. 16C) and differentiated normally into Th1 cells (Fig. 

16A), and demonstrated normal cytotoxicity following 2W/PolyI:C immunization (Fig. 

16D). These results demonstrate that Eomes is also not necessary for the generation of Th 

cell-mediated cytotoxicity after PolyI:C immunization. 

The finding that cytotoxic Th function was not a unique property of Th1 cells 

prompted investigation of other Th subsets. Immunization with CFA was used for this 

purpose because it induces a diverse CD4+ T cell response including Th17 cells, which 

were identified by expression of RORgt (47, 217). Mice primed with 2W peptide in CFA 

generated a large 2W:I-Ab-specific CD4+ T population consisting of CXCR5+ Tfh, T-bet+ 

Th1, Foxp3+ Treg, RORgt+ Th17, or cells of unknown lineage (Fig. 17A) and displayed 

in vivo cytotoxic activity that was weaker than induced by peptide/Poly I:C immunization 

(Fig. 17B). Each of the subsets significantly upregulated FasL in comparison to naive 

CD4+ T cells (Fig. 17C) suggesting that all subsets could be involved in Fas-dependent 

target cell lysis. 
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 The cytotoxic function of the different T helper subsets was examined using an in 

vitro cytotoxicity assay. The various Th subsets were generated from congenically-

marked naïve SM1 TCR transgenic cells (218) capable of expressing ZsGreen from the 

Tbx21 promoter (219), after adoptive transfer into B6 recipients primed with CFA 

containing the Salmonella FliC peptide for which the SM1 TCR is specific. SM1 Th1, 

Th17, Tfh, and lineage- cells were sorted based on expression of ZsGreen, CCR6 (220), 

CXCR5, or lack of all three markers, respectively, and cultured with FliC-pulsed and 

unpulsed B cells in vitro. Each subset lysed target cells in an Ag-dependent manner (Fig. 

17E). The lineage-  cells, however, were the worst at inducing cell lysis, which is in line 

with their lower FasL expression relative to Th1 and Th17 cells (Fig. 17C, 17E). These 

results demonstrate that many helper T cell subsets have the ability to kill target cells, 

likely through the Fas pathway. 

 

The role of TCR affinity in regulating cytotoxic Th cell-mediated killing 

  It was of interest to assess the amount of Fas expressed by target cells given that 

maximal Th-mediated cytotoxicity depended on this molecule. 2W peptide-pulsed and 

unpulsed splenocytes were injected into 2W/CFA-primed mice and assayed for Fas 

expression by flow cytometry after 20 h. B cells that remained in the target cell 

population that was pulsed with the 2W peptide expressed more Fas than comparable 

cells that were not pulsed with peptide (Fig. 18A, 18B). This result indicated that Fas was 

induced on the target cells via cognate interactions with 2W:I-Ab-specific CD4+ T cells. 

This hypothesis was tested with CD4+ T cells from the B3K508 transgenic strain, which 

express a TCR that is specific for I-Ab-binding peptides called 3K, P5R, and P2A with 
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11, 93, and 175 KD affinities, respectively (Fig. 8C) (144). CD45.1+ B3K508 T cells were 

transferred into CD45.2+ B6 mice that were then infected with Lm expressing 3K peptide 

(Fig. 18C). By day 7 after infection, the approximately 20,000 transferred naïve B3K508 

T cells produced 562,609 ± 388,270 effector cells. On this day, the mice received target 

cells pulsed with 3K, P5R, or P2A peptides for an in vivo cytotoxicity assay and Fas 

measurement on residual target cells (Fig. 18C). The specific lysis of the target cells 

correlated with B3K508 TCR affinity for the various peptide:I-Ab complexes, that is, 3K-

pulsed target cells were killed more efficiently than P5R-pulsed target cells, which were 

killed more efficiently than P2A-pulsed target cells (Fig. 18D). Fas induction on the 

residual peptide-pulsed target cells showed the same positive correlation with TCR 

affinity for the cognate p:MHCII (Fig. 18E). These results suggest that CD4+ T cells 

recognize target cells through their TCR and regulate Fas expression on the target cells in 

a manner that is proportional to their TCR affinity. 

 

5.3 Discussion 

 

Cytotoxic Th cells have been described as either Th1-like cells with cytotoxic 

function, notable for their high IFN-g production, Eomes expression, and perforin-

dependent cytotoxicity, or as cells that have undergone re-programming to express CD8α 

and CD8+ T cell-like functions (78, 221-223). Initial studies used 4-1BB agonist 

antibodies to induce Eomes-expressing cytotoxic CD4+ T cells, while CD4+ T cell re-

differentiation into CD8+ T cell-like cells is associated with mucosal tissue (78, 84). In 

contrast, our studies of peptide:MHCII-specific effector T cells induced by peptide and 
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Poly I:C revealed a T-bet- and Eomes-independent pathway of cytotoxic Th cell 

formation that did not involve CD8+ T cell-like re-differentiation. This cytotoxic pathway 

was also perforin-independent and instead partially relied on Fas expression by target 

cells. Since Th1, Th17, and Tfh cells expressed FasL and had cytotoxic function after 

immunization with peptide/CFA, each of these subsets could have been responsible for 

the cytotoxicity observed in this system. The broad expression of FasL could explain why 

the induction of Th cell-mediated cytotoxicity does not require the cytokines necessary 

for Th1, Th2, or Th17 polarization (208). It is important to note, however, that the Fas 

pathway only accounted for about half of the cytotoxic potential of the peptide/Poly I:C-

induced Th cells. Thus, some pathway of cytotoxicity other than those mediated by IFN-

gR, TNFRI and II, or TRAIL is also involved.  

Our experiments suggest that a cognate T-B cell interaction-based amplification 

loop regulates Th cell-mediated cytotoxicity. Th cells induced Fas on target cells (194, 

224, 225) in proportion to the affinity of their TCRs for the peptide:MHCII ligand 

displayed by the target cell. These T cells likely also expressed CD40L, which is a 

transient consequence of TCR signaling (226). Although Fas is induced on B cells by 

pattern recognition receptor signaling, expression could have been enhanced on the target 

B cells by signals from CD40 engaged by CD40L on the interacting Th cell (227-229). 

CD40 signaling enhances Fas-induced apoptosis in B cells that do not simultaneously 

receive signals through their surface Ig receptors (230). This could have occurred in our 

experiments since it is likely that very few of the 2W peptide-pulsed B cells that were 

used as target cells were specific for the 2W-peptide since they came from naïve mice. 
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The capacity of Th cells to induce Fas on their targets cells could improve the efficiency 

of their cytotoxicity.  

Cytotoxic CD4+ T cells are induced during persistent infections (106, 223, 231). 

The findings presented here and in work by others (232, 233) demonstrate that cytotoxic 

Th cells are also induced during acute viral and bacterial infections. Although there is no 

doubt that cytotoxic CD8+ T cells play a major role in the control of these infections 

(232, 233), the surprising potency of cytotoxic Th cells (234, 235) indicates that they may 

also contribute. Future work will need to be carried out for a more complete 

understanding of cytotoxic Th cell activity in the context of different infections. 
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Figure 11. Poly I:C immunization induces robust CD4+ T cell responses.  

(A) Flow cytometric analysis of B220- CD11b- CD11c- 2W:I-Ab tetramer-enriched cells 

from a naïve mouse or a mouse 7 days after 2W peptide/Poly I:C immunization. (B) 

Number of 2W:I-Ab+ CD4+ T cells in individual naïve or immunized mice, 7 days post-

immunization with 2W peptide alone or 2W peptide/Poly I:C (n=5-9/group). (C) 

Representative flow cytometric analysis of CD4 and CD8a expression by 2W:I-Ab+ CD4+ 

T cells from 2W peptide/Poly I:C immunized mice. The bars in B represent the mean for 
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each group. Pooled data from two independent experiments are shown. One-way 

ANOVA was used to determine significance. *** = p < 0.001, **** = p < 0.0001. 
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Figure 12. Poly I:C immunization generates cytotoxic Th cells.  

(A) Representative flow cytometric analysis of an in vivo cytotoxicity assay utilizing 

CTV to identify 2W peptide-presenting (CTVlow) and non-presenting (CTVhigh) B220+ 

target cells 20 h after their injection into naïve or 2W peptide/Poly I:C immunized mice. 

(B) Number of 2W:I-Ab+ CD4+ T cells and (C) specific cell lysis following an in vivo 

cytotoxicity assay in mice 7 days after immunization with 2W peptide/Poly I:C and after 

injection of isotype control, CD4, or CD8a depleting antibody (n=5-9/group). The bars in 

B and C represent the mean for each group. Pooled data from two independent 

experiments are shown. One-way ANOVA was used to determine significance. ** = p < 

0.01, **** = p < 0.0001. 
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Figure 13. Cytotoxic Th cells generated with Poly I:C primarily utilize the Fas 

pathway for cytotoxicity.  

Mice were examined 7 days after immunization with 2W peptide/Poly I:C. (A) Number 

of 2W:I-Ab+ CD4+ T cells and (B) specific cell lysis following an in vivo cytotoxicity 

assay in WT mice that received WT, CD40-deficient, IFN-g receptor-deficient, TNFa 

receptor I and II-deficient, TRAIL receptor-deficient or Fas-deficient target cells. 

Perforin-deficient mice that received WT target cells are also shown (n=5-21/group). (C) 

Representative flow cytometric analysis of FasL expression by 2W:I-Ab+ CD4+ T cells 

(line) or naïve CD4+ T cells (grey). (D) Geometric mean fluorescence intensity of FasL 

on 2W:I-Ab+ CD4+ T cells from 2W peptide/Poly I:C immunized or naïve CD44low CD4+ 

T cells (n=6/group). The bars in A, B, and D represent means. Pooled data from two 
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independent experiments are shown. One-way ANOVA was used to determine 

significance for A and B while Student’s t test was used for D. **** = p < 0.0001. 
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Figure 14. Cytotoxic Th cells primarily utilizing the Fas pathway are induced by 

LCMV and Lm infections.  

(A) Number of GP66:I-Ab+ CD4+ T cells following LCMV infection and 2W:I-Ab+ CD4+ 

T cells following Lm-2W infection (n = 6/group). (B) Geometric mean fluorescence 

intensity of FasL on GP66:I-Ab+ CD4+ T cells from LCMV infected mice, 2W:I-Ab+ 

CD4+ T cells from Lm-2W infected mice on day 7 post-infection, or naïve CD44low CD4+ 

T cells (n=6-12/group). Specific cell lysis of WT or Fas-deficient target cells following in 

mice infected 7 days earlier with (C) LCMV or (D) Lm-2W (n=9/group). The bars in A, 

B
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B, C, and D represent means. Pooled data from two independent experiments are shown. 

Student’s t-test was used to determine significance. * = p < 0.05, **** = p < 0.0001. 
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Figure 15. Poly I:C induced CD4+ T cell cytotoxic function is T-bet independent. 

2W:I-Ab+ CD4+ T cells were examined from mice 7 days after immunization with 2W 

peptide/Poly I:C. (A) Flow cytometric analysis of 2W:I-Ab+ CD4+ T cell subsets with the 

gating strategy for Treg, Tfh, Th1, and other cells. (B) Percentage of 2W:I-Ab+ CD4+ T 

cells that differentiated into Th1, Treg, Tfh, or other cells in WT or T-bet-deficient mice 

(n=6-7/group). (C) Number of 2W:I-Ab+ CD4+ T cells in WT or T-bet-deficient mice 

(n=6-7/group) after immunization with 2W peptide/Poly I:C. (D) WT and T-bet-deficient 

mice were immunized with 2W peptide/Poly I:C and injected 7 days later with 2W 

peptide. The histograms depict IFN-g production by 2W:I-Ab+ CD4+ T cells in WT mice 

(line) or T-bet-deficient mice (dashed line) 2 h after peptide challenge, or WT mice 

(grey) that were not challenged, with the gate identifying IFN-g producing cells. The 

scatterplot shows IFN-g production in 2W peptide-challenged mice in individual WT or 
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T-bet-deficient mice (n=4-5/group). (E) Specific cell lysis following an in vivo 

cytotoxicity assay in mice 7 days after immunization with 2W peptide/Poly I:C. The bars 

in B, C, D, and E represent means. Pooled data from two independent experiments are 

shown. One-way ANOVA was used to determine significance for B while Student’s t test 

was used for C, D, and E. ** = p < 0.01, **** = p < 0.0001. 
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Figure 16. Poly I:C-induced CD4+ T cell cytotoxic function is Eomes independent. 

2W:I-Ab+ CD4+ T cells were examined from mice 7 days after immunization with 2W 

peptide/Poly I:C. (A) Representative flow cytometric analysis of Eomes and T-bet 

expression by 2W:I-Ab+ CD4+ T cells from immunized WT or Eomes conditional 

knockout mice. (B) Percentage of 2W:I-Ab+ CD4+ T cells that express Eomes. (C) 

Number of 2W:I-Ab+ CD4+ T cells and (D) specific cell lysis following an in vivo 

cytotoxicity assay in WT or Eomes conditional knockout mice (n=8-9/group). The bars in 

B, C, and D represent means. Pooled data from two independent experiments are shown. 

Student’s t test was used to determine significance for C and D. 
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Figure 17. FasL expression is conserved across all T helper subsets generated by 

CFA immunization.  

(A) Flow cytometric analysis of 2W:I-Ab+ CD4+ T cell subsets 7 days after 2W 

peptide/CFA immunization with the gating strategy for Treg, Th17, Th1, Tfh and other 

cells. (B) Specific cell lysis following an in vivo cytotoxicity assay in mice 7 days after 

immunization with 2W peptide/CFA (n=7). (C) Fold change in geometric mean 

fluorescence intensity of FasL on Th1, Th17, Tfh, Treg, or other 2W:I-Ab+ CD4+ T cells 

relative to naïve CD44low CD4+ T cells from 2W peptide/CFA immunized mice 

(n=11/group). (D) Gating strategy for sort-purifying Th1, Th17, Tfh and other SM1 

Tbx21ZsGreen TCR transgenic CD4+ T cells from adoptive recipient mice 7 days post-

immunization with FliC/CFA. (E) Specific cell lysis following an in vitro cytotoxicity 

assay using sort-purified Th1, Th17, Tfh, or other SM1 cells. The bars in B, C, and E 

represent means. Pooled data from two independent experiments are shown. One-way 

ANOVA was used to determine significance. * = p < 0.05, ** = p < 0.01, **** = p < 

0.0001. 
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Figure 18. The induction of Fas on target cells correlates with the T cell receptor 

affinity of responding CD4+ T cells.  

(A) Representative flow cytometric analysis of Fas expression and (B) Geometric mean 

fluorescence intensity of Fas staining on 2W peptide-presenting (line) or non-presenting 

(grey) target cells after an in vivo cytotoxicity assay in 2W peptide/CFA immunized 

mice. Lines in (B) indicate target cells from the same mouse. (C) Illustration of the 

adoptive transfer model system for examining the influence of TCR affinity on specific 

cell lysis and Fas expression. (D) Specific cell lysis following an in vivo cytotoxicity 

assay in mice infected with Lm-expressing 3K (n=6-7/group). (E) Fas geometric mean 

fluorescence intensity on peptide-presenting or non-presenting target cells after an in vivo 

cytotoxicity assay in Lm-expressing 3K infected mice. Lines indicate target cells from the 

same mouse. The bars in D represent means. Pooled data from two independent 
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experiments are shown. One-way ANOVA was used to determine significance for D and 

E while Student’s t test was used for B. * = p < 0.05, ** = p < 0.01, *** = p < 0.001, 

**** = p < 0.0001. 
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Chapter 6 

 

Conclusions 

  

The primary focus of my thesis is identifying how TCR affinity for p:MHCII 

biases helper T cell responses. One of our main interests was identifying the mechanism 

by which TCR affinity influences the bifurcation of Tfh and non-Tfh differentiation. Due 

to differences in antigen presentation on MHCII and polarizing cytokine production 

between the DC subsets, we hypothesized that TCR affinity skewed T cell-DC 

interactions to favor one DC subset (39, 42). The prediction was that low TCR affinity 

cells favored SIRPα DCs because of their greater antigen presentation, while high affinity 

T cells would interact with XCR1 and SIRPα DCs. Thus, the high affinity cells would 

receive Th1 polarizing signals from XCR1 DCs, while low affinity cells would not.  

To test this hypothesis, we developed the image analysis software described in 

Chapter 3 that substantially expedites analysis of T cell-DC interactions. This software 

reduced hands-on image analysis time by up to 90% and is compatible with epi-

fluorescence, confocal, and two-photon microscopy images. We also described an 

analysis approach that uses fluorescent signal absorption from surrounding cells to 

quantify cell localization within tissues. This novel technique accurately quantified T cell 

localization when compared to a different counting method that directly measured 

localization. Additionally, this new approach required less steps and time than the direct 

counting method. 
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With the improved image analysis pipeline, we sought to identify the mechanism 

by which TCR affinity regulates T cell differentiation, as presented in Chapter 4. To our 

surprise, TCR affinity did not bias T cell-DC interactions towards either DC subset, 

suggesting that TCR affinity influences differentiation in a T cell intrinsic manner. The 

field has primarily focused on Irf4 and Il2ra as TCR regulated genes that affect 

differentiation, but it is likely that many genes play a similar role (72, 155). Therefore, 

we sought to identify novel TCR modulated genes that impact lineage commitment. An 

in vivo CRISPR/Cas9 screen identified two novel hits, Eef1e1 and Gbp2. Eef1e1 

promoted Th1 differentiation, while Gbp2 enhanced Tfh differentiation. The expectation 

for this screen was that only Th1-promoting or Tfh-inhibiting genes would be identified, 

as higher TCR signaling drives cells towards the Th1 lineage. Positive signals are, 

however, required for T cells to adopt any fate. For example, low affinity T cells will 

display signs of activation following antigen exposure but lack expression of lineage 

defining markers, suggesting they are uncommitted. Thus, for a T cell with medium TCR 

affinity to adopt the Tfh fate, TCR signaling should induce some Tfh promoting genes, 

like Gbp2. 

Chapter 5 also focused on differentiation, but examined cytotoxic function rather 

than Tfh lineage commitment. Previous work suggested that cytotoxic CD4+ T cells are a 

unique fate with Eomes as the master transcription factor (78, 82, 86). We identified that 

many helper T cell subsets have cytotoxic potential via the Fas pathway and Eomes was 

unnecessary for their cytotoxic function. Additionally, TCR affinity regulated specific 

cell lysis of target cells with higher TCR affinity correlating to greater Fas expression on 

target cells. 
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In summary, TCR affinity influences T cell differentiation by regulating 

expression of lineage establishing genes. TCR affinity also modifies T cell functions, like 

cytotoxicity, by directing expression of effector molecules, such as Fas ligand. These 

findings inform the design of potential vaccines that focus on eliciting a specific pattern 

of helper T cell differentiation, like a cancer vaccine that seeks to exploit cytotoxic CD4+ 

T cells to kill MHCII expressing cancer cells. 
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