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Abstract 

 

CD4 T cell affinity evolution under acute and chronic antigen exposure 

By Rakieb Andargachew 

 

T cell receptor (TCR) interaction with pMHC on the respective cell surfaces of a T cell 

and an antigen-presenting cell can elicit a multitude of functional differentiation 

pathways or transpire without an outcome. The result hinges on affinity and other 

biophysical interaction parameters that govern TCR:pMHC binding and consequently 

modulate the degree of the T cell response. It is unclear what TCR affinities are 

represented within an antigen-specific polyclonal CD4 T cell population, and if TCR 

affinity diversity differs in the context of acute and chronic infections. Relative to in-

solution measurements with recombinant proteins, single cell in-situ analysis of TCR 

affinity for membrane-anchored pMHC provides a more relevant assessment of this 

interaction and better correlates with a T cells’ functional response. Here, using the 2-

dimensional micropipette adhesion frequency assay (2D-MP), we measured the range and 

average TCR affinity of polyclonal IAb GP66-77 specific CD4 T cells in the B6 acute 

(Armstrong) and chronic (CL13) models of LCMV infection. In both responses, the 

presence of antigen maintained an effector population with a high average TCR affinity 

that later declined at memory with antigen clearance. Greater than 1000-fold affinity 

ranges were measured in both responses and population average 2D affinity at peak and 

late time points were equivalent between the two infections. These results indicate that 

intrinsic and extrinsic factors regulate T cell function in chronic infections without 

altering TCR affinity diversity. To further elucidate the effects of antigen stimulation on 

2D affinity and TCR:pMHC bond lifetime, we used a reductionist approach, tracking 

activation-induced changes in IAb GP66-77 specific SMARTA transgenic CD4 T cells. In 

vitro, peptide-stimulated cells exhibited dynamic TCR:pMHC 2D affinities and bond 

lifetimes that decreased from naïve levels within the first 24 hours of antigen encounter 

but recovered at the 48-hour mark with the start of cell division. This occurred 

independently of antigen dose and degree of activation-induced TCR downregulation. 

Hence, 2D analysis of monoclonal and polyclonal T cells’ affinities can represent the sum 

total of single cell TCR:pMHC interaction dynamics within the respective cellular 

environments. 
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Chapter 1. Introduction 

As part of the adaptive branch of the immune system, CD4 T cells play a critical 

role in fighting foreign intruders and eliminating cancerous cells from the host. The first 

step towards carrying out this vital task is the clear recognition and discrimination 

between foreign and self-encounters (1, 2). Achieved through a specific interaction 

between pMHCs and self-educated TCRs, this interplay determines the activation status, 

functional properties, and survival fates of the receptor carrying T cells. The use of 

transgenic monoclonal TCRs and altered peptide ligands (APLs) has informed our 

understanding of TCR:pMHC affinity, binding kinetic rates and other biophysical 

parameters that play a role in the T cell’s response to infection, and in the thymic 

selection of immature T cells (3-8). Such models are critical for highlighting the impact 

of these binding conditions on T cell responses, a task that may be complicated and 

obscured by a system with polyclonal TCRs. However, identifying TCR:pMHC 

interaction parameters that predict and correlate with efficacious polyclonal T cell 

responses inform T cell vaccine designs and cell therapies aimed at rescuing T cell 

functionality in chronic infections that pose a health challenge. With the advent of new 

technologies, TCR affinity ranges, the role of high and low-affinity cells and other 

biophysical frameworks are further explored and highlighted in the natural polyclonal T 

cell population and during ongoing immune responses (9, 10). Coupled with such 

technological advancements and our understanding of the TCR within its cellular context 

as well as T cell activation and differentiation conditions, the exploration of cell surface 

TCR:pMHC biophysical interaction measures are revolutionizing T cell therapies. 

Targeted towards boosting protection against infection and cancer, some of these 
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therapeutic advancements include the isolation and adoptive transfer of antigen-specific T 

cells into patients with chronic infections and the use of  T cells with high-affinity 

engineered TCRs as a treatment for cancer (11-14). In this work, we review and examine 

how TCR:pMHC interaction parameters and functional responses evolve under acute and 

chronic antigen exposure of monoclonal and polyclonal CD4 T cells. 

 

TCR:pMHC interaction-relevant structures 

Alpha (α) beta (β) T cells  carry unique T cell receptors (TCRs) that are generated 

through genetic recombination of variable (V), diversity (D – only β gene) and joining (J) 

gene segments to create a T cell repertoire which, post-thymic selection, represents 108 

and 1012 distinct TCRs in mice and humans respectively (15, 16). Structurally, the TCR 

resembles the Fab fragment of an immunoglobulin (Ig) molecule with a single variable 

(V) and constant (C) region that each possesses distinct disulfide-linked β sheet 

structures. Cysteine residues in the C regions of α and β form disulfide bonds that link the 

two chains and form the heterodimeric TCR (17). Attached to their non-polymorphic 

membrane proximal Cα and Cβ domains, VJ(α) and VDJ(β) segments make up the Vα 

and Vβ parts of the TCR. Each segment contains three complementary determining 

regions (CDRs) responsible for antigen recognition. The TCR hypervariable CDR3 loop, 

located at the V(D)J junction, interacts with the presented peptide while MHC restriction 

of T cells is attributed to the germline encoded CDR1 and CDR2 loops that originate 

from the V gene segment (18). Even though certain exceptions that fall outside this 

specified interaction exist, most TCR-MHC alignments show this conserved orientation 

(18-20). 
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T cell recognition of antigen is limited to the combined molecular structure of 

processed 8-24 amino acid long linear peptides bound to major histocompatibility 

molecules (pMHC) displayed on the surface of antigen-presenting cells (APCs) (1, 21). 

The two classes of MHC molecules, MHC I and II, have similar non-polymorphic 

immunoglobulin (Ig) like membrane proximal domains in addition to a highly 

polymorphic distal β sheet flanked by two alpha helices that form the peptide binding 

groove. MHC I has an α chain with three domains non-covalently linked to a β 

microglobulin which lacks a transmembrane domain whereas MHC II is formed by an α 

and a β chain that each contain transmembrane domains. The α1α2 from MHC I and α1β1 

from MHC II form the peptide-binding groove that faces the TCR. MHC I molecules 

have a peptide-binding groove with closed ends that restrict the presented peptides to a 

length of 8-10 residues while the more open MHC II peptide-binding groove 

accommodates much longer peptides. Regardless, both MHC I and MHC II presented 

peptides contain core nonamer (P1-P9) residues with some serving as MHC anchors 

while others provide side chains that form TCR contacts (22). 

The T cell receptor lacks signaling components but exists in a complex with CD3 

chains that carry immunoreceptor tyrosine-based activation motifs (ITAM) that, post 

phosphorylation, act as scaffolds for the recruitment of other signaling proteins. CD3δε, 

CD3γδ, and CD3ζζ constitute the CD3 signaling modules and with the exception of the ζ 

chain which has a short nine amino acid long ectodomain and three cytoplasmic ITAMs, 

the other three chains contain single extracellular Ig-like domains that sit on a short stalk 

and a single cytoplasmic ITAM motif (23, 24). Hydrophobic and hydrogen bonds 

facilitate the interactions with Cα and Cβ domains of the TCR and aid in the dimerization 
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of the external Ig-like CD3 domains with further dimerization of the different CD3 chains 

occurring through conserved cysteines in the stalk regions (25). In the case of the ζ chain 

which lacks a large external domain, disulfide linkage in its transmembrane region results 

in homodimer formation (26). The TCR-CD3 complex is formed through electrostatic 

interactions between acidic residues in the transmembrane region of the CD3 chains and 

basic residues from the conserved antigen receptor transmembrane (CART) motif of the 

TCR subunits (26). A highly conserved arginine (R) in the TCRα chain interacts with 

aspartic residues (D) from each CD3ζ ζ chain while a lysine residue contacts an aspartic 

residue from each CD3δε unit. Similarly, a lysine residue in TCRβ brings CD3γε into the 

complex through the aspartic(ε) and glutamic acid (γ) residues (27). In the more favored 

model, the sum of all these interactions cluster the CD3 heterodimers to the intersection 

between the TCR α and β chains on one side of the TCR instead of on opposite ends and 

at a one to one TCR to CD3-complex stoichiometry (24). 

In close proximity to the TCR and aiding in the recognition of pMHC is the co-

receptor CD4 or CD8. The single chain CD4 glycoprotein has four Ig-like domains 

(D1D2-hinge-D3D4) and binds to a non-polymorphic region of the MHC class II 

molecule. This is through the insertion of the membrane distal D1 domain into the 

hydrophobic pocket between the membrane-proximal α2 and β2 chains of MHC II  (23). 

While this interaction has been shown to have a low-affinity with minimal to no 

contribution in TCR:pMHC binding, its role is critical during CD4 T cell activation (28, 

29). In contrast to CD4, the CD8 co-receptor has an α and β chain that each contain single 

Ig domains. This receptor can exist as a CD8αα homodimer on certain T cells, but the 

majority of peripheral cells express the CD8αβ heterodimeric form which binds to a 
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conserved region of the MHC class I membrane proximal α3 domain (23). This 

interaction has a much higher affinity than that observed with the CD4 co-receptor, and 

thus TCR:pMHC binding studies mutate a portion of the α3 pMHC region to abrogate 

CD8 binding or otherwise account for CD8’s contribution in TCR:pMHC interactions 

(30). Both CD4 and CD8α chains contain two cysteine residues in their cytoplasmic tails 

that coordinate a zinc molecule with two other cysteines found in the Src family tyrosine 

kinase Lck, resulting in a zinc clasp that tethers Lck to the co-receptors (31). Required for 

TCR signaling and thus for the transition from the CD4 CD8 double positive to the single 

positive stage in the thymus, co-receptor sequestered Lck transmits survival signals in T 

cells that carry MHC specific TCRs (32, 33).  

The general binding polarity between TCR and pMHC results in the alignment of 

the TCR Vα domain with the MHC I α2 or MHC II β1 chains and the N-terminus of the 

MHC bound peptide. On the opposite end, the TCR Vβ domain aligns with the α1 of 

MHC I or II and the C-terminus of the antigenic peptide (17-19, 23). Although some 

exceptions exist (34), most interactions follow this alignment between the receptor and 

ligand and a general diagonal docking angle is observed with some variations on the 

actual binding angle (35). This specific manner of interaction progresses in a ‘two-step’ 

binding sequence, with the more rigid TCR αβ CDR1 and CDR2 loops binding their 

respective MHC I and II chains first followed by their more flexible CDR3 loops 

engaging the presented peptide with some conformational rearrangement (36, 37). In this 

‘induced fit’ model, the flexibility of the CDR3 loops allows for the recognition of 

distinct peptides that are presented on the same MHC molecule with co-receptors and the 

CD3 chains also contributing to the resulting binding angle (36, 37). This conserved 
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pMHC-TCR docking orientation or binding is the first step in TCR triggering events and 

mutations that alter this polarity have been shown to result in a defective T cell activation 

status (38). 

 

Measuring TCR:pMHC interaction : 3D and 2D analysis 

Receptor-ligand studies have made use of recombinant protein technology and examined 

binding relationships between soluble forms of interacting proteins. In instances where 

one of the species is anchored to a substrate or within the cell membrane, such assays 

measure the interaction in a 3-dimensional (3D) context as one or both reactants are free 

to move in all three dimensions (39, 40). Although such methods are commonly used in 

TCR:pMHC binding studies, the requirement for recombinant TCRs has imposed 

limitations on their use in the analysis of polyclonal T cells. Hence, studies that examine 

the effects of TCR:pMHC interaction on the T cell’s response have relied on monoclonal 

TCR transgenic T cells and the ex-vivo functional analysis of polyclonal populations to 

gauge pMHC potency and infer the quality of interaction with polyclonal TCRs. More 

recently the importance of understanding the biophysical dynamics between TCR and 

pMHC within their respective cellular contexts, i.e., in situ 2-dimensional restrictions 

(2D), has been highlighted due to its increased correlation with TCR ligand 

discrimination and T cell function (41, 42). The TCR and structural modules such as the 

associated CD3-complex, the co-receptor (CD4/CD8), the cellular environment inclusive 

of the T cell membrane, other receptors, the cell cytoskeleton and intracellular signaling 

components all play a role in carrying out the highly specific T cell response. 

Consequently, these factors have implications in the cell surface interaction between 
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membrane-anchored TCRs and pMHCs. Discussed here are the most common methods 

of 3D and 2D analysis of TCR:pMHC binding. Although the strengths and weaknesses of 

each assay may prevent definitive conclusions on the relationship between TCR:pMHC 

binding kinetics and the associated T cell response, combinatorial analysis can provide 

better insights. 

 

3D: Surface Plasmon Resonance (SPR) 

Traditional receptor-ligand affinity and interaction kinetic rate measurements are 

performed using surface plasmon resonance spectroscopy. The introduction of the first 

BIACORE instrument transformed receptor-ligand binding studies allowing the use of 

label-free reactants compared to radioactive or fluorescent label dependent binding assays 

(43). In this optical technique, one of the interacting molecules is immobilized on a 

biochemically modified metal-based biosensor chip and exposed to a ligand that is in a 

fluid phase. The interaction between the receptor-ligand pair results in changes to the 

optical properties of the sensor allowing real-time detection of kinetic on and off rates 

(kon (M-1 s-1), koff  s-1) which are defined by concentration and time respectively. The 

binding affinity between the reactants is described by the equilibrium dissociation 

constant KD (M) which is measured as the concentration of unbound ligand at the 

equilibrium point of when bound and unbound immobilized receptor concentrations are 

equivalent. KD [M] can also be derived from the kinetic rates (KD [M] = koff/kon = 1/Ka 

(inverse of the association constant or affinity)) (44, 45) and low KD values portray a 

high-affinity interaction given its inverse relationship with the association constant which 

defines affinity (46). The interaction half-life can also be derived from the off rate by the 
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equation t(1/2) = ln 2/ koff. (3). Initial SPR measurements that described TCR:pMHC 

interaction with these parameters used the well-characterized CD4 2B4 TCR specific for 

IEk moth and pigeon cytochrome c peptides (MCC, PCC) (47) and the CD8 2C TCR 

specific for the Ld p2Ca antigen (48). Conclusions from these SPR measurements 

demonstrated that TCR:pMHC interactions were marked by a slow association rate (kon), 

fast off rates, and a low-affinity ((25C) 2B4 KD~50-60 M, 2C KD~0.1M). This was 

comparable to previously measured affinities that used live T cells, soluble pMHCs and 

radiolabeled anti-TCR antibodies in competitive binding assays with the 2B4 TCR 

(KD~40-60 M), 5C.C7 which is of similar specificity (47, 49), and the 2C CD8 T cell 

(Ld p2Ca -KD~2 M) (50). Since then, SPR KD measurements for several TCR transgenic 

systems have confirmed this interaction to be of lower affinity (KD 1-100M) compared 

to high-affinity antibody-antigen interactions that have KD values of <1nM (51). SPR 

characterized affinities for some of the well-studied transgenic TCR-cognate pMHC 

systems include 5C.C7 (IEk MCC - KD~22.9-43.5M) (42, 52), 3.L2 (IEk Hb - 

KD~12M) (5) CD4 T cells and OTI (Kb Ova KD~5.9 M) (53), P14 (KD~2.4M) (54) 

CD8 T cells. With the use of these and other transgenic TCR models, all three parameters 

of TCR:pMHC interaction (affinity, half-life/off-rate and on rate) have been correlated to 

T cell function complicating attempts to identify a single predictive measure (3, 55). 

Furthermore, the requirements of soluble TCRs has restricted the use of this assay to 

monoclonal systems leaving polyclonal TCR:pMHC interaction studies largely relying on 

functional assessments. 
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3D: pMHC Tetramers (avidity) 

Fluorescently labeled soluble pMHC tetramers that bind TCR on the T cell surface have 

now become the most common reagent for the identification and enumeration of antigen-

specific polyclonal T cells using flow cytometry (9, 29, 56). This technology utilizes the 

interaction between soluble biotinylated recombinant pMHC molecules and the four 

biotin binding sites on a single fluorescently labeled streptavidin to generate pMHC 

tetramers that now bind TCR with increased avidity solving the lack of stable binding 

between soluble pMHC monomers and cell surface TCRs (57). Tetramers are now 

available for several human and mouse MHC class I and class II antigens through the 

National Institute of Health tetramer core facility, or commercially by Beckman Coulter, 

ProImmune and Immudex. In addition to its other applications, this reagent is now widely 

used in SPR and ex-vivo analysis of TCR:pMHC interaction characteristics of 

monoclonal and polyclonal T cells isolated from mouse and human hosts under infection 

or diseased conditions. Although not a measure of monomeric TCR:pMHC affinity and 

kinetic rates, its correlation to SPR analysis has contributed to its wide use in the 

estimation of these parameters (8, 29). Such applications include the titration of tetramer 

staining concentrations to determine on-rates, KD values and derive half-life from 

tetramer decay assays that use blocking anti-MHC antibodies or streptamer technology 

(7, 8, 56, 58-60). Tetramer KD values have defined thresholds for positive and negative 

selection in the OT-I system (8), whereas in polyclonal studies, increased tetramer avidity 

was noted in polyclonal CD4 T cells responding to a secondary infection as compared to 

the primary response (56). Tetramer t1/2 and not KD has also been identified as the 

selection factor correlating to the survival of memory CD4 T cells (60) and the efficacy 
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of CD8 T cells that can clear CMV infection post an adoptive transfer into infected hosts 

(13, 59). However, as an avidity interaction, tetramer based TCR:pMHC affinity and 

kinetic rate analysis may not always reflect monomeric TCR:pMHC interaction and can 

be affected by several factors. These include fluctuations in cell surface TCR numbers, 

changes in the T cell’s activation status, modifications in cytoskeletal and cell membrane 

components, and assay dependent confounding factors (3, 29, 61-65). 

 

2D: Forster resonance energy transfer (FRET) 

FRET technology has also been used in a single-molecule microscopy-based receptor-

ligand interaction analysis to determine TCR:pMHC affinity and kinetic rates (42). In this 

assay, the receptor and ligand are labeled with either a donor or acceptor fluorophore and 

the specific interaction quantified through the photo-bleaching and recovery of FRET 

donor signal. The affinity and kinetic rates for the 5C.C7 TCR was measured in synapses 

and TCR microclusters using this technique (42). A FRET donor fluorophore was 

introduced in the single-chain variable fragment (scFv) of the anti-TCR clone H57 

monoclonal antibody. The modified antibody labeled the TCR near the region found in 

close proximity to the MHC presented peptide which carries the acceptor fluorophore. To 

mimic the in-situ 2D restriction of the interaction, planar lipid bilayers with GPI anchored 

pMHC, ICAM-1, and B7-1 molecules were used to present antigen to the T cell. 

Conversion of surface receptor and ligand density (per area) to volume-based 

concentrations [M] showed 2D TCR affinity to be higher than previous SPR in solution 

measurements (37C - 2D-KD 4.8 M, SPR 3D- KD 39.8M). Close to a 100-fold higher 

on-rate contributed to the increased affinity, which was hypothesized to occur due to the 
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2D context resulting in a favorable alignment between TCR and pMHC. Interaction half-

life was significantly reduced (2D – 0.109s, 3D – 1.24s)) and the decrease attributed to 

cell cytoskeletal changes that destabilize the interaction. Thus, inhibition of actin 

polymerization by latrunculin A and cytochalasin D restored interaction half-life to SPR 

measured levels. Such differences underscored the value of 2D in-situ studies over 3D 

solution measurements (42, 55). Although a highly useful assay, this method has yet to be 

adapted for ex-vivo polyclonal T cell affinity analysis. 

 

2D: Micropipette adhesion Frequency assay (2D-MP) 

Utilizing concepts of cell-cell adhesion through receptor-ligand specific interactions, the 

microscopy-based micropipette adhesion frequency assay measures the TCR:pMHC 

interaction between a single T cell and a surrogate antigen-presenting cell (40, 41). An 

initial biotinylation of human red blood cells (hRBC) followed by a sequential addition of 

streptavidin and biotinylated pMHC monomers serves to anchor pMHCs on to the RBC 

membrane, converting the cell into an APC. Micromanipulators are used to pick up 

individual cells on opposed glass micropipettes, one of which is motorized and controlled 

through a computer software. This allows the programming of a repeated contact and 

separation cycles between the micropipette held cells with the contact set to a 

predetermined duration. Integral to the assay is the highly elastic RBC membrane which 

acts as a force sensor sensitive to as low as single bond generated stretching-force that 

occurs when the two cells are mechanically separated (40, 66). The visible change in the 

RBC shape is used to identify receptor-ligand specific binding events that are given a 

binary designation (adhesion (1) versus no adhesion (0)). Averaging multiple 
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independent contacts per tested T cell:hRBC pair generates an adhesion frequency value 

which describes the probability of adhesion (Pa) at the equilibrium contact time. This 

value can be used to derive the relative 2D affinity (in μm4) of the cell in a mathematical 

model that also takes into account the TCR and pMHC densities per surface area (kept 

constant at approximately 3 μm2) (66). Off-rates can also be derived from the adhesion 

curves generated by varying interaction contact time and taking an inverse of the duration 

required to reach a half-maximal adhesion (Pa) (66, 67). TCR transgenic systems with 

previously reported SPR and/or 2D affinities for their cognate antigens include the OT-I 

(41, 68), P14 (69, 70), and 2C (71) CD8 T cells as well as the 3.L2 (72), SMARTA and 

2D2 (73) CD4 T cells. Similar to FRET-based observations, comparisons of 2D and 3D 

measurements for the OT-1 system and the 5C.C7 TCR demonstrated that on and off-

rates were faster in this 2D assessment while both 3D and 2D measurements of half-life 

and affinity predicted antigen potency (39). However, unlike 3D measurements, 2D 

affinity and on-rates showed a wider range allowing a more sensitive detection and better 

correlation to T cell function and ligand potency than SPR based measurements (39, 41, 

42, 72, 74). 2D-MP measures affinity and kinetic rates of TCRs anchored in their natural 

in-situ membrane environment with the associated CD3-complex, the co-receptor, other 

receptors and the underlying cell cytoskeleton. Inhibitors of actin polymerization 

(latrunculin A) and cholesterol depletion (methyl-beta-cyclodextrin, cholesterol oxidase) 

reduced 2D affinity and kinetic rates while a comparison of naïve and in vitro activated 

cells showed the latter to have a higher affinity (41). These findings further confirmed the 

need for in-situ assessments of TCR affinity which on the T cell is the sum of all the 

events and changes within and on the surface of the cell which allows the cell to tune its 
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response to antigen through the TCR. In contrast, 3D analysis relays context independent 

information. 2D affinity assessment is now being applied to ex vivo studies of polyclonal 

TCRs isolated from infected and diseased hosts providing single-cell measurements and 

immune response specific information of T cell affinity in relation to functional responses 

(10, 68, 75-79).  

 

2D: Biomembrane force probe (BFP) 

A variation on the 2D-MP assay, BFP allows TCR affinity and on and off-rate (bond 

lifetime) analysis by evaluating single bond formation and dissociation events with and 

without tensile force applied to the TCR:pMHC bond (55, 66). The increased sensitivity 

of the assay depends on the use of low-density pMHC coated beads attached to a hRBC 

membrane that acts as a force sensor/transducer sensitive to piconewton force. Thermal 

fluctuations in the bead that can be imaged in real-time by a high-speed camera and an 

image analysis software that can track the position of the bead with accuracy are also 

integral factors in this assay. The high spatial and temporal resolution allows for more 

accurate determination of kinetic rates which are derived from multiple bond-lifetime 

measurements (>500) for a given T cell. Attached to a hRBC, pMHC coated beads are 

held near the T cell to allow bond formation as a result of the random thermal fluctuation 

events of the bead that brings the two molecules in contact resulting in bond formation. 

This leads to a reduction in the thermal fluctuation of the bead and causes bead 

displacement both of which can be tracked by the high-speed camera and the image 

analysis software. Dissociation of the bond resets both parameters and tracking of the 

bead position over time identifies bond formation and dissociation events with the time 
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span between the two events identified as the bond-lifetime (39, 55, 66). These 

measurements can either be done under zero force (thermal fluctuation assay) or with 

specified force applied to the formed bond (force-clamp and force-ramp assays) (72, 80). 

In the force-clamp assay, the retracting T cell is clamped at a predetermined force until 

the bond ruptures and the bond lifetime is measured during the clamp phase. In the force-

ramp assay the T cell is continuously retracted until the bond ruptures. This force 

dependent analysis of TCR:pMHC bonds makes this assay more relevant as recent 

studies using optical tweezers (81), DNA force sensors (82), as well as the BFP assay 

(72, 80) have all demonstrated TCR ligand discrimination is influenced by forces applied 

to the bond as a result of T cell motility, protein diffusion in the cell membrane, active 

protein transport within the cell and cytoskeletal rearrangement.  

 

2D: Functional avidity (potency) 

The requirements, availability, and suitability of other affinity analysis methods can 

preclude their use in the assessment of affinity largely with ex vivo polyclonal T cell 

samples. In the absence of such direct monomeric TCR affinity analysis methods but 

primarily as a predictive readout of in vivo response potential, EC50 peptide 

concentrations are derived for a given T cell function. As a relative measure, EC50 values 

gauge the quality of TCR:pMHC binding, an interaction occurring in 2D between the 

APC of choice and the T cell. Although this parameter shows a direct correlation with 

affinity/half-life (increased 1/EC50 = higher functional avidity/potency = high-affinity) (4-

6, 47, 53, 72, 83, 84), several exceptions have been noted (85). One observation is 

functional avidity changes within a monoclonal T cell population expressing a fixed TCR 
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(86-89). Antigen dose-dependent tuning of avidity as well as changes in TCR signaling 

components such as activated Lck and the CD8 co-receptor have also explained these 

changes. Affinity for self during thymic-education, as read out by CD5 expression, has 

direct effects on peripheral responses to foreign pMHC. As noted in one study, 

differences in CD5 expression correlated to functional avidity variations between cells 

expressing TCRs of similar affinity (90). Likewise, intrinsic and extrinsic regulation 

through co-stimulatory and inhibitory receptors can also modulate T cell responses 

independent of TCR affinity (91-93). 

 

TCR:pMHC interactions and T cell triggering 

Once TCR engages pMHC, TCR triggering refers to the set of events that result in the 

transmission of this binding event into the intracellular ITAMs leading to their 

phosphorylation and the initiation of subsequent signaling cascades. Several studies have 

proposed varying TCR triggering models with some aimed at reconciling different 

TCR:pMHC interaction kinetics and biophysical parameters to the initiation and 

gradation of the T cell response. In the kinetic proofreading model, an interaction with a 

longer half-life (slower off rate) has a higher potential to complete the required 

triggering/signaling events for T cell activation while faster dissociation before necessary 

triggering/signaling events are completed resets the system (55, 94, 95). Observations 

that challenge this model include minor interaction half-life differences that lead to 

differing T cell responses, the cumulative nature of TCR signaling events, and the 

presence of TCRs that complete late signaling events but have altered early T cell 

signaling (30, 41, 96). As an amendment, the idea of a confinement time that occurs 
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through multiple binding and rebinding cycles between TCR and pMHC, before signaling 

is reset, was proposed to accommodate activation events observed in T cells with fast 

dissociation rates (97, 98). The number of engaged/triggered TCRs equating to the degree 

of the T cell response is described in the TCR occupancy and serial triggering models. 

Given that agonist pMHCs on the APC surface are outnumbered by self pMHCs, serial 

triggering describes the requirement of a fast dissociation rate for a single agonist pMHC 

to trigger multiple TCRs on a cell (99, 100). In a related concept, the TCR occupancy 

model equates the number of pMHC bound TCRs to the T cell response. A high dose 

antigen can compensate for a lower quality/affinity pMHC:TCR interaction by triggering 

several TCRs to reach a similar threshold signal that is needed to elicit a response (96, 

101, 102). The difficulties in accurately quantifying pMHC occupied TCRs and studies 

that have shown bystander TCR downregulation during T cell activation have been the 

caveats to this model (103). The optimal dwell time model proposes an ideal TCR:pMHC 

interaction half-life range with a short or overly long half-life leading to diminished T 

cell responses (104), similar to the decreased response by T cells with either a too high or 

too low-affinity for pMHC. To define what occurs endogenously during T cell-dendritic 

cell encounters, several experiments that employed intravital imaging have supported the 

serial encounter model (105). T cell triggering occurs from signals accumulated during 

short-lived encounters with one or multiple APCs in the initial phase followed by a stable 

contact and motility resuming post initiation of IL-2 production and the start of T cell 

proliferation (101, 106, 107). Motility differed based on the affinity/kinetic properties of 

the interaction with high-affinity cells making stable and long-lasting conjugates 
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(synapse) while lower affinity interactions resulted in short-lived multiple contacts 

(kinapse) (108). 

 The above models address interaction parameters that lead to productive TCR 

triggering events. Other models describe how the spectrum of TCR:pMHC interactions 

translate to the chemical/physical changes that lead to ITAM phosphorylation. These 

include TCR aggregation, kinetic segregation and conformational changes (109). A 

proposed self:cognate pMHC pseudodimer aggregation model indicates self pMHC 

brings CD4 and the associated Lck to aid TCR triggering by agonist pMHC (110-112). 

Kinetic segregation describes changes in the localization of the TCR:CD3-complex 

relative to receptor tyrosine phosphatases (CD45, CD148) that dephosphorylate the 

steady-state constitutively phosphorylated ITAMs (113). Concurrent localization of the 

TCR:CD3 complex in lipid rafts enriched with constitutively active Lck (114) leads to 

optimal ITAM phosphorylation and TCR triggering. Physical exclusion of CD45 from 

the zones of TCR:pMHC contact occurs due to its large ectodomain (115). The 

conformational change model combines multiple findings that indicate physical changes 

in the TCR and the CD3-complex as well as the accumulating evidence that highlights 

the role of mechanical effects in TCR-ligand recognition. One aspect indicates pMHC 

binding can lead to a conformational change in the AB loop of the TCR Cα domain, 

induced by cognate interactions and not an antagonist (22, 116, 117). These studies also 

showed the same region can lead to TCR dimerization as a secondary event to TCR 

triggering (118). In the CD3-complex, cysteine motifs from the stalk regions of CD3γε 

keep this heterodimer rigid (119) and are hypothesized to do the same in the CD3δε 

chains (24, 25). This keeps the TCR-CD3 complex rigid as a whole and more able to 
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transduce any pulling pressure exerted by pMHC binding and concurrent cytoskeletal 

changes in the T cell or APC. The FG loop from Cβ protrudes from the TCR and lies 

above the CD3γε external domains, where the movement created by TCR:pMHC binding 

forces the FG loop onto the CD3 and allows the transmembrane α helices to slide relative 

to each other, resulting in further conformational changes that lead to ITAM 

phosphorylation (24, 25). Several mutational studies of the TCR and CD3 molecules have 

highlighted the importance of the above-mentioned structures in TCR triggering (120). 

On the cytoplasmic side, CD3ε and ζ chains are thought to be associated with the acidic 

phospholipids of the plasma membrane inner leaflets through certain basic residues (121, 

122). This is hypothesized to keep the ITAMs inaccessible or “safe” from kinase 

phosphorylation at resting conditions while ligand-induced TCR-CD3 conformational 

changes and associated alterations in the acidic phosphatidylserine concentration in the 

plasma membrane frees the ITAMs, allowing Lck induced phosphorylation (123). Other 

support for the TCR-CD3 complex as a mechanosensor stems from studies that show 

enhancement of TCR triggering with the application of force (124) as seen with studies 

using optical tweezers (81), DNA force sensors (82), and the BFP assay (72, 80). This 

idea of the TCR as a mechanosensor is emerging as the favored TCR triggering model 

and can explain how different TCR:pMHC bonds can elicit a wide range of responses 

based on their ability to withstand pulling and shearing forces encountered as they engage 

an APC. 

 

CD4 T cell response: multiple factors affecting outcome 

TCR:pMHC affinity: Lessons from monoclonal CD4 and CD8 T cells 
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In vitro analysis of dose-response curves with altered peptide ligands (APLs) coupled 

with early SPR studies set the stage for defining the effects of TCR:pMHC affinity on a T 

cell’s response (5, 6, 47, 53, 72, 83, 84). Several of these studies identified the linear 

relationship between TCR affinity and the degree of a T cell’s functional response. An 

affinity-based thymic selection model for immature T cells was also defined using the 

same CD4 and CD8 monoclonal TCR systems with high-affinity agonist peptides leading 

to negative selection in comparison to weaker ligands that promoted positive thymocyte 

development (6, 53, 84). Several other studies have also identified characteristics of 

higher and lower affinity interactions, highlighting the role of affinity on a T cell’s 

response and further identifying mechanisms that result in these differences. 

  In early T cell activation events, TCR signaling was found to be inherently 

different in agonistic higher affinity interactions that lead to increased CD3 ITAM 

phosphorylation, Ca2+ signaling, and ERK phosphorylation (2, 8). However, weak 

interactions have also been shown to accumulate similar signals albeit in a delayed time 

frame (73, 96, 125). Functionally, T cells recognizing high-affinity ligands also exhibit 

increased proliferation, cytokine production or targeted lysis of cells in vitro (5, 6, 47, 53, 

72, 83, 84, 126). Extending the use of these models to study peripheral in vivo responses 

have also shown a correlation between TCR affinity and the extent of T cell activation, 

clonal expansion, functional responses and memory differentiation. In the 5C.C7 

transgenic CD4 T cell APL model, peptide/LPS immunization with the higher affinity 

cognate antigen (MCC:IEk) led to increased proliferation, IL-2 and, IFN production, and 

memory response compared to intermediate (K3 MCC:IEk) and lower affinity ligands 

(102S MCC:IEk) (42, 52). Intravital imaging also revealed decreased APC:T cell 
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conjugate formation in the low-affinity response but an increase in CD69 expression did 

indicate activation of the cells (101). Hence, both high and low-affinity interactions 

promote peripheral responses albeit to differing degrees. 

Another preferred model providing several insights into affinity related peripheral 

T cell responses is the OT-1 TCR transgenic CD8 T cell and the spectrum of affinities 

represented by several APLs. Numerous notable affinity related observations have 

stemmed from this model. In an adoptive transfer setting, OT-1 T cells responding to 

high and low-affinity APL ligands in a Listeria Ova APL infection had a comparable 

phenotypic expression of activation markers, similarly differentiated into memory cells 

and expanded to a secondary challenge. However, OT-I T cells responding to lower 

affinity APLs exhibited decreased clonal expansion and entered the circulation at a faster 

rate than observed under higher affinity conditions (4). In a different study, asymmetric 

allocation of cell surface and internal components were noted in a higher affinity APL 

interaction compared to the symmetrical division induced with a lower affinity ligand. 

The asymmetric division generated CD8hi, LFA-1hi proximal daughter cells with the 

increased potential to form T cell:APC conjugates, proliferate, and generate VLA-4 

expressing short-lived effector cells (SLECs) that migrated to tissues (127). A similar 

asymmetric division associated segregation of effector and central memory phenotype 

has also been identified in CD4 T cells (128). In a different study, OT-I T cells 

responding to recombinant Listeria that expressed Ova APLs upregulated IRF4 in a TCR 

affinity-dependent manner at five days post-infection. This transcription factor regulates 

the process of aerobic glycolysis in effector T cells and is critical in clonal expansion and 

sustained effector functions in CD4 as well as CD8 T cells (129, 130). These studies 
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further confirmed TCR affinities as low as ones that lead to positive thymic selection on 

self can lead to pMHC induced activation and memory formation in the periphery. 

However, lower affinity cells may expand to a lesser degree and differ in their migration 

kinetics while also exhibiting a lesser metabolic and cytokine production capacity. 

 Monoclonal TCR:APL interactions can span a spectrum of affinities and thus are 

useful in highlighting affinity related effects. However, as this analysis only examines a 

single TCR species, other TCR transgenic studies have also examined the role of 

TCR:pMHC interaction using multiple T cells of similar specificity but of differing or 

equivalent affinities. To determine the TCR:pMHC binding parameters that correlated 

with memory formation and survival, one study generated and examined the response of 

four different antigen-specific retrogenic T cells. In an LCMV Armstrong infection 

model, a comparison of tetramer KD and t1/2 assessment showed that a clone’s entry into 

the memory pool correlated with sustained interactions with APCs (t1/2) (60). Another 

study compared two CD4 TCR transgenic T cells and their response to infection with 

Listeria expressing the cognate MTB ESAT-61-19 epitope. The higher avidity clone (with 

increased tetramer KD and t1/2) had a response magnitude similar to the lower affinity 

clone in the primary response. However, a secondary challenge resulted in a lower 

expansion due to the clone’s decreased TCR expression observed in the primary response 

(131). A similar TCR downregulation effect was observed in a different Listeria model 

with two LLO190-205 specific transgenic CD4 T cells of equivalent affinity exhibiting 

different expansion potential in a primary versus a secondary response (90, 132). In the 

NOD model of diabetes, eight distinct retrogenic TCRs with different 2D affinities for 

insulin were tested for their propensity to cause disease. Upregulation of pERK post in 
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vitro antigen stimulation of these cells occurred in an affinity-dependent manner aligning 

their 2D biophysical TCR:pMHC affinity measurements with the TCR’s signaling 

capacity. A  wide range of affinities led to insulitis however, the highest affinity cells 

were an exception as this increased affinity led to targeting by tolerance mechanisms 

(133) suggesting similar regulation can occur to prevent immunopathology during 

infection. Although these studies provide the advantage of addressing the role of affinity 

related and unrelated mechanisms on the immune response from a “multi-clonal” 

perspective, concurrent evaluations of a fully polyclonal response are needed.  

 

TCR:pMHC affinity/polyclonal T cells 

The diverse nature of the antigen-specific TCR repertoire proved challenging with 

respect to T cell frequency and affinity related evaluations. At the population level, 

accurate identification of antigen-specific cells is critical as this parameter is indicative of 

the magnitude and efficacy of the response. Furthermore, the relative abundance of high 

and low-affinity cells and their accurate quantification identifies the average affinity of 

the response. While necessary, this again differs from the critical nature of determining 

TCR affinity at the single cell level to highlight the diversity in the response. A limited 

number of assays can now identify antigen-specific cell frequency and single cell affinity 

post-induction of an immune response although each assay comes with its own degree of 

limitations. However, in mice, identifying the starting frequency and affinity of antigen-

specific cells in the naïve repertoire is still a challenge. Limiting dilution assays (LDA) 

(134, 135), adoptive transfer models (136, 137), pMHC I and II tetramers (138, 139), and 

more recently, all three of these assays in combination with the Nur77GFP reporter 
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mouse have been employed to determine antigen-specific frequency in the naïve 

repertoire (78). The currently well-utilized tetramer pulldown assay identified the naïve 

precursor numbers for several epitopes allowing more direct assessment of T cell 

expansion and the relative magnitude of different responses (138, 139). However, binding 

to this reagent requires an affinity threshold that lower affinity CD4 T cells fail to reach. 

This is true both for foreign and self pMHC-specific T cells present during the response 

to an infection and in autoimmune diseases (10, 77, 140, 141). One work focused on 

tetramer-negative cells and applied an in vivo LDA assay with Nur77GFP mice to 

quantify high and low-affinity naïve antigen-specific precursor numbers for several IAb 

restricted epitopes. Lower affinity (tetramer-negative) precursors were 3-10-fold greater 

in number than higher affinity cells (tetramer-positive) for all tested epitopes suggesting 

the immune response starts with a low-affinity bias (68). 

 Interestingly, despite this starting bias, several studies have identified a narrowing 

of the polyclonal affinity repertoire to enrich for higher affinity cells at memory (142, 

143) and in recall responses (56, 58). As tetramer binding was used to discern these 

changes in the antigen-specific repertoire, it is unclear how the comprehensive population 

affinity is altered in primary and secondary responses. Using functional assays, other 

studies have also reported an increase in the functional avidity of polyclonal T cells at a 

memory time point and during a secondary challenge (58, 60, 144, 145). Although an 

increased functional response can occur independent of an affinity-based selection ((86, 

87, 137), the functional maturation observed in some of these studies also corresponded 

to a higher avidity interaction with tetramer suggesting surface TCR:pMHC affinity-

based selection. However, as this again examines a fraction of the antigen-specific 
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population, it is unclear how the contribution and selection of the lower affinity 

population proceeds. 

 To address these questions, an alternative assay, the 2D-MP, has been employed 

to re-examine overall T cell receptor affinity in T cells isolated from ongoing immune 

responses (10). This first polyclonal study compared the antigen-specific population 

affinity of CD4 T cells in a model of viral infection (LCMV Armstrong) and autoimmune 

disease (EAE). The T cell population specific to the foreign antigen was found to possess 

a >10-fold higher affinity compared to the autoimmune response. However, a high 

frequency of low-affinity (> 3 fold tetramer-negative) cells was identified in both models 

with a >100 fold affinity breadth detected from single cell affinity measurements (10). 

Since then, other autoimmune diseases (76, 77) and infection models (75) have been 

examined with this assay showing its applicability and sensitivity to polyclonal T cell 

studies that inherently possess a wider affinity range. 

 T cell repertoire analyses that have determined TCR gene usage at depths 

ranging from surface antibody staining to deep sequencing and paired  single cell 

analysis have indicated a narrowing in the antigen-specific repertoire mainly using 

pMHC tetramers to isolate antigen-specific cells in the naïve and primary/secondary 

repertoire. Such studies have identified certain precursors are selected to proliferate and 

dominate over others leading to an antigen-specific repertoire with a restricted usage of 

TCR genes and CDR3 lengths that correlate with the enrichment of higher avidity TCRs 

(58, 60, 146-149). This is in contrast to other studies that have highlighted the importance 

of a diverse antigen-specific repertoire in providing protection against viral infections 

(150) and the contribution of tetramer undetected cells to overall antigen-specific TCR 
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genetic diversity (151). Modifications to the 2D-MP assay now include the ability to 

isolate antigen-specific single cells and perform gene sequencing, hence coupling single 

cell 2D affinity measurements to the analysis of TCR and other genes of interest (79). 

  

Antigen dose  

Several studies have identified the minimum number of pMHC required to activate CD4 

and CD8 T cells. In general, 30-400 cognate pMHC per APC leads to naïve CD4 T cells 

activation, proliferation and IL-2 production (152, 153). More impressively, CD4 T cells 

were shown to flux calcium in response to a single pMHC while sustained calcium levels 

required the presence of 10-15 pMHC molecules within the contact area (5C.C7 and 2B4) 

(111). This sensitivity to antigen was significantly reduced in the absence of CD4 and 

such cells could only respond to APCs that presented greater than 25 cognate pMHCs at 

the APC: T cell synapse (110). In CD8 T cells, a single agonist pMHC was shown to 

induce T cell arrest, APC scanning, and some calcium flux, with 3 pMHC leading to 

cytotoxic activity and 10 being the minimum required for a stable synapse formation and 

maximal calcium flux (154, 155). Unlike the CD4 co-receptor which is necessary for T 

cell sensitivity to antigen levels, CD8 MHC interaction is required for full calcium flux 

and T cell function, independent of agonist pMHC concentration (OT-I and 2C) (156-

158).  

 Despite this reported sensitivity, CD4 T cell clonal expansion and differentiation 

into memory require a sustained encounter with antigen (159) whereas the CD8 T cell 

response is programmed in the first 2-24hrs of stimulation (160). Nevertheless, clear 

correlations between antigen dose, duration of antigen encounter, and the magnitude of 
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the response have been demonstrated for both cell types (159, 161-164). Unlike these 

observations which fall within the limits of an acute antigen exposure, prolonged 

encounter as occurs with chronic infections has a different outcome (165). T cell 

proliferation, functional capacity, as well as memory formation is impaired in the 

presence of antigen that lingers past the T cell priming phase (10 days) (166-169). T cell 

differentiation is also altered with prolonged and high dose antigen encounter favoring 

TFH formation while dampening TH1 and other helper type responses (135, 170-172). TH  

differentiation pattern develops as a result of the combined effects of TCR affinity and 

antigen dose in the appropriate cytokine cues (172). A high TCR affinity favors TH1 

differentiation while TFH generation can occur with high to low-affinity ranges and with a 

high dose or prolonged antigen exposure (135, 170-172). Manipulation of antigen dose 

also results in the differential expansion of cells with a high and low functional avidity. 

Low dose antigen priming favors the formation of cells with a higher functional avidity 

(173). A similar relationship between antigen dose and the expansion of memory and 

secondary responders with a higher tetramer avidity has also been reported (174). 

 

Inflammatory environment 

Multiple aspects of the T cell response are influenced by the inflammatory environment 

which modulates the response through cytokines, chemokines, the activation and co-

stimulatory receptor expression levels and nature of the elicited APCs, regulatory cells 

(Treg, MDSCs, cytokines) and pathogen dependent mechanisms. Several studies have 

highlighted these effects indicating the need for evaluating T cell responses in context 

representative models. For instance, different adjuvants or vectors prime CD4 T cells 
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driving specific TH differentiation patterns, TCR affinities/avidities and repertoire 

diversity (175-177). In vivo priming of T cells with peptide-loaded DCs and the LCMV 

inflammatory environment which has a dominant type I interferon signature favors a >10 

fold expansion of CD8 T cells that have a significantly higher functional avidity than 

cells of the same specificity primed by Listeria which drives an IL-12 cytokine milieu 

(178). Differences in TCR proximal signaling with Lck, Zap70, pERK and other 

components accounted for the response differences highlighting the importance of 

cytokines in shaping the antigen-specific repertoire. CD4 T cells also demonstrate a 

similar environment dependent functionality in the two inflammatory environments (86, 

164, 179, 180). Another cytokine with direct consequences in determining the magnitude 

and memory differentiation of CD4 and CD8 T cells is IL-2. Encountered cells also shape 

the response and the recruited antigen-specific population. For instance, antigen 

presentation by dendritic cells as compared to B cells and the combined presence exerts 

differential expansion and memory potential of CD4 T cells (181). Although DCs provide 

optimal priming of naïve T cells, B cells are necessary for the formation and maintenance 

of memory T cells (182-184). Furthermore, B cells promote low avidity cell expansion 

(185) and T cell responses to limiting antigen concentrations (186). Regulatory 

mechanisms in infection demonstrate a dual function both promoting and dampening the 

immune response as needed. For instance, Tregs promote the migration of antigen-specific 

cells from secondary lymphoid organs into infected tissues by orchestrating chemokine 

driven signals providing a timely response that resolves infection (187). The absence of 

Tregs in the priming phase was also found to severely impair CD4 T cell response in HSV-

2 infection due a lack of Treg aided DC migration to draining lymph nodes (188). Tregs that 
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normally reside in splenic white pulp limit pro-inflammatory cytokine signals on CD8 T 

cells through IL-10 and promote memory formation (189) and likely exert a similar 

influence on CD4  T cells. Treg controlled antigen presentation by DCs has also been 

demonstrated to affect T cell functional avidity and set limits on expansion (190, 191). In 

the more canonical suppressive function, Tregs dampen T cell function and limit pathology 

especially in immune privileged sites and in persistent infections (192-194). 

 

CD4 T cells in acute and chronic infections 

CD4 T cells facilitate pathogen clearance through direct cytotoxic activity or more often 

by coordinating and licensing innate immune cells, B cells and CD8 T cells to carry out 

this task (191, 195). In the absence of CD4 T cells, the immune response to acute viral 

and bacterial infections is impaired. CD8 T cells primed without CD4 T cell help exhibit 

decreased proliferation and suboptimal memory formation and survival which leads to 

impaired secondary responses (190, 196-198). CD4 T cell produced IL-2 contributes to 

this efficient CD8 memory differentiation during primary T cell priming events (199). In 

humoral immunity, SAP sufficient CD4 T cells are critical in the formation of memory B 

cells and plasma cells, and T cell help enables class switching and maintenance of 

germinal centers which promote B cell affinity maturation (190, 200, 201). 

In chronic infections, CD4 T cell functions have direct consequences on the 

containment or resolution of infection (202). For instance, CD4 T cell depletion in HIV 

infection has severe consequences leading to the progression to AIDS while in elite 

controllers active CD4 T cell responses with superior functional avidity contribute 

towards limiting viremia (203). Early and robust CD4 T cell functional responses which 
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can provide optimal CD8 help are also observed in patients that go on to clear HCV 

infection (204). CD4 depletion during HCV also leads to poor outcomes (205).  

 A highly utilized model that has provided several insights into the nuances of the 

immune response against acute and chronic viral infections is the LCMV mouse model. 

LCMV is part of the old-world arenaviruses, a group that includes Lassa hemorrhagic 

fever-causing virus. Rodents are the natural LCMV hosts but the virus can also infect 

immunocompromised individuals and lead to congenital infections (206). LCMV genome 

contains two ambisense RNA segments. The S (small – 3.5 kb) segment encodes for the 

viral nucleoprotein (NP) and the glycoprotein precursor (GPC) which gets cleaved into 

GP1 (extracellular – for attachment) and GP2 (transmembrane – for fusion) domains. The 

L (Large – 7.2 kb) segment codes for the Z (small zinc finger) matrix protein and the 

L/RNA-dependent RNA polymerase. Isolation of viral variants that led to acute and 

persistent infections and the single amino acid mutation in the glycoprotein that confers 

high-affinity interaction with the host receptor -dystroglycan and the cell tropism 

leading to persistence were events that initially identified the tenets of this model (207-

209). Although other variants exist, the widely used strains are the acute Armstrong 

(ARM) and chronic clone 13 (CL13) viruses. Although they lead to different infection 

outcomes, the two viruses share CD4 and CD8 T cell epitopes which have allowed a 

direct comparison of T cell responses across the two models (166). Several noteworthy 

discoveries from this model have informed our understanding of several aspects of the T 

cell response and acute and chronic infections leading to parallel observations in human 

infections (210). These include MHC restricted nature of the T cell response (211) and 

the generation, quantification and maintenance of effector and memory T cells (212-214) 
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in acute infections. In the chronic setting ideas of T cell exhaustion with hierarchal loss of 

polyfunctionality in CD8 and CD4 T cells (167, 215, 216), upregulation of inhibitory 

receptors (PD-1) (217) and the exhaustion signature of CD4 (169) and CD8(168) cells 

compared to memory T cells were all observed in this model. Furthermore, the ideas of 

rescuing immune responses against chronic infections through the PD-1(217) pathway 

and CD4 T cell help (218, 219) were first explored in this model. The clinical relevance 

of the abovementioned discoveries made in the LCMV infection models confirms its 

suitability for examining the co-evolution properties between polyclonal CD4 TCR 

affinities and functional responses under acute and chronic antigen exposure.  
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Chapter 2. CD4 T cell affinity diversity is equally maintained during acute and 

chronic infection 

Originally published in The Journal of Immunology. Andargachew, R., R. J. Martinez, E. 

M. Kolawole, and B. D. Evavold. 2018. CD4 T Cell Affinity Diversity Is Equally 

Maintained during Acute and Chronic Infection. J. Immunol. 201: 19-30. Copyright  

2018 The American Association of Immunologists, Inc. 

http://www.jimmunol.org/content/201/1/19 

Abstract 

T cell receptor (TCR) affinity for peptide-major histocompatibility complex (pMHC) 

dictates the functional efficiency of T cells and their propensity to differentiate into 

effectors and form memory. However, in the context of chronic infections it is unclear what 

the overall profile of TCR affinity for antigen is and if it differs from acute infections. 

Using the comprehensive affinity analysis provided by the 2-dimensional (2D) 

micropipette adhesion frequency assay (2D-MP) and the common indirect affinity 

evaluation methods of MHC class II tetramer and functional avidity, we tracked IAb GP61-

80 specific cells in the mouse model of acute (Armstrong) and chronic (clone 13) LCMV 

infection. In each response, we show CD4 T cell population affinity peaks at the effector 

phase and declines with memory. Of interest, the range and average relative 2D affinity 

was equivalent between acute and chronic infection, indicating chronic antigen exposure 

did not skew TCR affinity. In contrast, functional and tetramer avidity measurements 

revealed divergent results and lacked a consistent correlation with TCR affinity. Our 

findings highlight the immune system maintains a diverse range in TCR affinity even under 

the pressures of chronic antigen stimulation. 

http://www.jimmunol.org/content/201/1/19
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Introduction 

One key parameter regulating T cell activation and functional differentiation in the CD4 T 

cell response is TCR affinity for antigen. The affinity between a receptor and ligand has 

often been determined using surface plasmon resonance (SPR) measurements (47, 48). 

However, the need for soluble forms of TCR and pMHC has made the use of this assay 

impractical for tracking the affinity of large numbers of antigen-specific polyclonal T cells 

in an ongoing immune response. As a result insights into TCR:pMHC affinity and how it 

instructs the T cell response during an infection have relied on the use of monoclonal TCRs 

and altered peptide ligands (APLs) with SPR defined affinities (3, 4, 8). Polyclonal TCR 

affinity analysis, on the other hand, has depended on ex vivo functional avidity and pMHC 

tetramer staining assays for indirect estimation of TCR affinity based on the positive 

correlation between these methods and SPR affinity measurements in monoclonal TCR 

systems (9, 56, 58, 92, 142). Hence in functional avidity assays, T cells able to mount 

functional responses by cytokine production, proliferation or cytotoxic activities in 

response to low dose antigen have generally possessed TCRs with high-affinity for antigen 

(4, 47, 101). Similarly, the increased staining or avidity of T cell clones for tetramerized 

pMHC has been correlated to the inherently high-affinity interaction between monomeric 

TCR and pMHC (29). 

 During an immune response, acute antigen exposure models that have examined both 

monoclonal and polyclonal populations have demonstrated T cell clones with increased 

avidity for tetramer and a high functional avidity are preferentially expanded in primary 

and secondary responses and are selected to become memory cells (56, 58, 86, 137, 142, 

147). The observed narrowing of the affinity diversity of antigen-specific cells to 
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preferentially enrich for high-affinity T cell clones has been equated to a form of T cell 

affinity/avidity maturation (220). In contrast, experiments in chronic infections 

demonstrated the loss of high avidity clones and later enrichment of lower avidity cells 

suggesting a decrease in TCR affinity under continuous antigen experience and selection 

for a T cell affinity profile distinct from the one generated during an acute response (185, 

221). As these observations stem from unrelated models that have yet to probe the same 

antigen-specificity and affinity evolution under acute and chronic antigen exposure, it is 

unclear if affinity skewing actually differs under these conditions. Furthermore, tetramer 

and functional avidity assays have shown bias towards sampling the highest affinity 

fraction of the antigen-specific repertoire potentially missing the full breadth and diversity 

in a full polyclonal response to infection (10, 141).  

 Re-evaluation of polyclonal T cell affinity profiles using the more comprehensive 

analysis of affinity provided by the 2D-MP assay has now shifted our understanding of 

TCR affinity breadth and the prevalence and contribution of high and low-affinity T cells 

during a polyclonal immune response (10, 76-78). This microscopy-based assay measures 

monomeric TCR:pMHC affinity at the single cell level with the TCR anchored in its natural 

T cell membrane context and pMHC coated on a surrogate antigen presenting cell hence 

providing a 2-dimensional affinity analysis highly predictive of T cell function (41, 67, 72, 

79). Mounting data highlight low-affinity and tetramer-negative CD4 clones participate in 

the immune response, form functional memory and can comprise a larger portion of the 

antigen-specific compartment for a given epitope (4, 10, 46, 68, 78). Affinities ranging 

from 100-1000 fold have been shown for various antigens in differing immune responses, 

indicating the immune system maintains a wide breadth of affinities with all possessing the 
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capacity to undergo clonal expansion and form memory (10, 76-79). Although skewing 

towards high or low affinities has been noted in some models (10, 78), 2D affinity 

characterization of a polyclonal CD4 T cell response to chronic infection is lacking. In 

comparison to an acute infection, understanding how the chronic infection environment 

shifts and shapes the host’s antigen-specific CD4 T cell populations’ TCR affinity diversity 

can prove beneficial in CD4 T cell therapies aimed at rescuing immune responses in 

chronic infections (219, 222). 

 To understand the evolution of T cell affinity and functional responses during infection, 

we directly compared polyclonal CD4 TCR affinity to the same MHC II (IAb) restricted 

GP61-80 epitope in the well-studied LCMV model of acute Armstrong (ARM) and chronic 

clone 13 (CL13) infections. Although they lead to different infection outcomes, the two 

viruses share CD4 and CD8 T cell epitopes allowing for a direct comparison of T cell 

responses across the two models (166). As the majority of the CD4 T cells target the GP61-

80 peptide with a lower frequency of cells being specific to other minor epitopes, we focused 

our studies on this immunodominant response (223). 2D-MP, TCR tetramer avidity, 

tetramer half-life and functional avidity measurements were used to compare the 

biophysical TCR:pMHC binding and functional characteristics of CD4 T cells as they 

transitioned from peak effectors to memory cells. Our overall findings demonstrate CD4 

TCR affinity diversity is equally maintained under acute and chronic infection with early 

effectors and late memory CD4 T cells in acute infection having 2D affinities identical to 

their chronic infection counterparts. Despite the dominance of high-affinity cells at the 

peak of the response, in both acute and chronic infection overall affinity decreased at 

memory paralleling antigen clearance. Functional and pMHCII tetramer avidity and half-
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life measurements lacked a consistent correlation to 2D affinity measurements confirming 

TCR affinity contributes to but is not the sole parameter read out by tetramer and functional 

avidity assays. As affinity skewing of the CD4 T cell response is similar between acute and 

chronic infection, our data indicate other regulators modulate T cell function in chronic 

infection to limit immune pathology without altering affinity diversity in the CD4 T cell 

response. Hence therapeutic interventions may be able to recover CD4 T cell responses 

without the need to increase the breadth of TCR affinity. 
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Materials and Methods 

Mice and virus infection  

C57BL/6 (B6) mice were purchased from the National Cancer Institute (NCI) and Charles 

River. B-cell deficient (Ighm-/-) (224) mice on the B6 background were purchased from 

Jackson Laboratories. For acute and chronic LCMV infection, 6-10 week old female mice 

were i.p. injected with 2x105pfu Armstrong or i.v. infected with 2x106 pfu CL13 

respectively (69, 166, 169, 216). Virus stocks were kindly provided by Dr. Rafi Ahmed’s 

lab at Emory University, Atlanta, GA. All animals were housed at the Emory University 

Department of Animal Resources facility and all experiments were performed in 

accordance with the guidelines for the Care and Use of Laboratory animals under Emory 

University Institutional Animal Care and Use Committee approved protocols.  

 

Intracellular cytokine staining: Functional avidity  

Splenocytes isolated from infected mice were plated at 2x106 cells per tested GP61-80 

peptide concentration (GLKGPDIYKGVYQFKSVEFD – synthesized on a Prelude 

Peptide Synthesizer (Protein Technologies)). Tested concentrations ranged from 100μM to 

1nM at ten-fold dilutions. Cells were incubated for six hours at 37° C in T cell culture 

media and 5% CO2 in the presence of 10μg/ml brefeldin A (MP Biomedicals). T cell media 

contained RPMI 1640 (Mediatech), 10% heat-inactivated FBS (Hyclone), 10 mM HEPES 

buffer (Mediatech), 2mM L-glutamine (Mediatech), 50μM 2-mercaptoethanol (2ME) 

(Sigma), and 100μg/ml gentamicin (Mediatech). Samples incubated without peptides were 

used as baseline control while PMA (20nM; Fisher Biotech) and ionomycin (1μM; Sigma) 

activation served as a positive control. Cells were washed and stained with surface 
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antibodies for 30 minutes on ice in FACS staining buffer containing phosphate buffered 

saline (PBS) (Mediatech), 0.1% bovine serum albumin (BSA) (Fisher Scientific), and 

0.05% sodium azide (Sigma). Staining antibodies included anti-CD4 FITC (RM4-5; Tonbo 

biosciences/eBioscience), anti-CD11b PerCP Cy5.5 (M1/70; BD), anti-CD11c PerCP 

Cy5.5 (HL3; BD), anti-CD19 PerCP Cy5.5 (ID3; BD), anti-CD3ε PECF594 (145-2C11; 

BD), anti-CD44 AF700 (IM7; LifeTechnologies), anti-CD27 V450 (LG3.A10; BD), 

Viability Ghost Dye Violet (Tonbo/eBiosciences), anti-PD-1 BV605 (29F.1A12; 

Biolegend), and anti-CD8 BV785 (53-6.7; Biolegend). Using Invitrogen FIX and PERM 

or BD Cytofix/Cytoperm kits, cells were fixed and permeabilized in accordance with 

manufacturer’s protocols. Intracellular antibody staining was performed for 30 min on ice 

using the manufacturers’ permeabilization solution and anti-IFNγ APC Cy7 (XMG1.2; 

BD), anti-TNFα PE Cy7 (MP6-XT22; Biolegend), anti-IL-2 APC (JES6-5H4; BD) 

antibodies. Aliquots of unstained splenocytes were used to obtain total cell and different 

population counts using AccuCheck microbeads (Invitrogen). Cells were washed and kept 

on ice until flow cytometry was carried out using a FACSVerse or LSR II (Beckton 

Dickson). Data analysis was performed using FlowJo software (Tree Star). To generate 

avidity curves and derive EC50, the frequency of cytokine-positive cells (with frequency of 

unstimulated control subtracted) at the 100μM concentration was used as the maximal 

cytokine producer frequency and equated to a 100% with the remaining frequencies at 

lower peptide doses normalized to this maximal response as previously described (86, 179). 

Normalized values were graphed against log-transformed peptide concentrations and the 

data fitted to a nonlinear regression (log (agonist) vs normalized response) using GraphPad 

Prism 7 analysis software. 
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TCR staining 

TCR expression differences were quantified using the anti-TCRβ clone H57-597 PE 

antibody (eBioscience). Briefly, a few million splenocytes from infected mice were surface 

stained on ice for 30 minutes with anti-CD11b PerCP Cy5.5 (M1/70; BD), anti-CD11c 

PerCP Cy5.5 (HL3; BD), anti-CD19 PerCP Cy5.5 (ID3; BD), 7AAD (BD), anti-CD3ε PE 

CF594 (145-2C11; BD), anti-CD44 PE Cy7 (IM7; Biolegend), anti-CD62L APC Cy7 

(MEL-14; BD), anti-CD27 V450 (LG3.A10; BD), anti-CD4 BV510 (RM4-5; Biolegend), 

anti-PD-1 BV605 (29F.1A12; Biolegend), and anti-CD8 BV785 (53-6.7; Biolegend) 

antibodies along with the anti-TCRβ antibody. Cells were washed and kept on ice until 

flow cytometry was carried out using an LSR II (Beckton Dickson). Using the FlowJo 

software (Tree Star), TCR, CD4 and forward scatter (FSC-A) mean fluorescence intensities 

(MFIs) of CD4+CD44hi (antigen-experienced) and CD4+CD44loCD62+ (naïve) cells were 

quantified and compared between the two infections per experiment. Quantibrite PE 

quantification beads (BD Biosciences) were used per manufacturer instructions to 

determine the number of TCRs per cell. For further comparison between infections and 

across different time points, MFI of antigen-experienced cells was normalized to the naïve 

population within the same sample and quantified as % of naïve ((antigen-experienced 

MFI/naïve MFI) x 100) (131). 

 

Tetramer avidity 

Tetramer staining was performed with splenocytes at a density of 2x106 cells (100μl 

volume) per tested concentration (10μg/ml – 0.01μg/ml at 10 fold dilutions, 5-0.05μg/ml 

at 10 fold dilutions, 2.5μg/ml, 0.25μg/ml) of the PE-conjugated IAb GP66-77 tetramer 
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acquired from the NIH Tetramer Core Facility at Emory University, Atlanta, GA. Labeling 

was done in T cell media at room temperature for 1 hour. As a control, IAb hCLIP103-117 

tetramer (NIH Tetramer Core) was used to stain the samples at 10μg/ml. Cells were washed 

with cold staining buffer and surface stained on ice for 30 minutes prior to sample 

acquisition on a FACSVerse or an LSRII flow cytometer. Aliquots of unstained 

splenocytes were used to obtain total cell and different population counts using AccuCheck 

microbeads (Invitrogen). Antibodies used for surface staining included anti-CD11b PerCP 

Cy5.5 (M1/70; BD), anti-CD11c PerCP Cy5.5 (HL3; BD), anti-CD19 PerCP Cy5.5 (ID3; 

BD), 7AAD (BD), anti-CD3ε PE CF594 (145-2C11; BD), anti-CD44 PE Cy7 (IM7; 

Biolegend), anti-CD62L APC Cy7 (MEL-14; BD), anti-CD27 V450 (LG3.A10; BD), anti-

CD4 BV510 (RM4-5; Biolegend), anti-PD-1 BV605 (29F.1A12; Biolegend), and anti-CD8 

BV785 (53-6.7; Biolegend). Data analysis was performed using FlowJo software (Tree 

Star). To generate dose-response curves and derive EC50, the frequency of tetramer stained 

cells at 10μg/ml concentration was used as the maximal response and equated to a 100% 

with the remaining frequencies at lower tetramer doses normalized to this maximal 

frequency as previously described (86, 179, 185). Normalized values were graphed against 

log-transformed tetramer concentrations and the data fitted to a nonlinear regression (log 

(agonist) vs normalized response) using GraphPad Prism 7 analysis software. 

 

Tetramer decay 

Splenocytes were stained with tetramer at 10μg/ml for 1hr at room temperature at a cell 

density of 20x106 cells in 1ml of FACS staining buffer (0.05% sodium azide). Cells were 

washed with ice-cold buffer to remove excess tetramer and kept on ice until an aliquot 
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(2x106 splenocytes in FACS buffer) was incubated with 100μg/ml of the anti-IA/IE 

(M5/114.15.2: eBioscience) blocking antibody at room temperature. Decay was measured 

at 3hrs, 2hrs, 1.5hrs, 1hr, 40mins, 20mins, and 10mins post antibody addition. The tetramer 

stained sample without blocking antibody addition was used for the 0min time point. 

Incubation was done in a staggered manner starting with the 3hrs and decreasing to the last 

time point with all incubations ending concurrently and all samples completed at the same 

time (begin the 3hrs incubation, 1hr later start the 2hr incubation and so on). Cells were 

then washed with ice-cold staining buffer to remove excess blocking antibody and kept 

cold during all washes. Staining for surface markers was performed on ice with anti-CD11b 

PerCP Cy5.5 (M1/70; BD), anti-CD11c PerCP Cy5.5 (HL3; BD), anti-CD19 PerCP Cy5.5 

(ID3; BD), 7AAD (BD), anti-CD3ε PE CF594 (145-2C11; BD), anti-CD44 PE Cy7 (IM7; 

Biolegend), anti-CD62L APC Cy7 (MEL-14; BD), anti-CD27 V450 (LG3.A10; BD), anti-

CD4 BV510 (RM4-5; Biolegend), anti-PD-1 BV605 (29F.1A12; Biolegend), and anti-CD8 

BV785 (53-6.7; Biolegend) antibodies. Cells were kept on ice until sample acquisition was 

done on an LSRII flow cytometer. Mean fluorescence intensity of tetramer-positive cells 

(control IAb hCLIP103-117 staining used to draw positive gate) was normalized to tetramer 

staining intensity at time zero ((MFI at time (y)/MFI at zero) x 100) and the normalized 

MFI was graphed against time. The data were fitted to a one-phase exponential decay curve 

using Prism 7 analysis software (GraphPad) and the half-life was determined accordingly 

(64, 225). 
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2D micropipette adhesion frequency assay (2D-MP) 

The relative 2D affinity of polyclonal IAb GP66-77 specific cells was measured using the 

previously characterized 2-dimensional micropipette adhesion frequency assay (10, 41). 

In this 2D assessment, the frequency of adhesion between ligand (pMHC on human red 

blood cell (hRBC)) and receptor (TCR on T cell) carrying cells held on opposing 

micropipettes was observed using an inverted Zeiss microscope. The presence of 

adhesion was denoted by the interaction induced stretching of the highly flexible RBC 

membrane as the two cells were separated after an equilibrium contact time of two 

seconds. To serve as a surrogate APC, the RBC was first biotinylated (Biotin-x-NHS; 

Calbiochem) then incubated with streptavidin (ThermoFisher) followed by the addition of 

biotinylated pMHC monomers (IAb GP66-77 or a control monomer (IAb hCLIP103-117, MTB 

IAb Ag85B280-294 and IAb ESAT-61-19 and Influenza IAb NP311-325). T cell samples were 

prepared from splenocytes by CD4+CD44hi cell enrichment through CD4 T cell 

purification using EasySep mouse CD4 T cell negative selection kit (STEM CELL 

Technologies) and the simultaneous depletion of CD62L+ cells through the addition of 

biotinylated anti-CD62L antibody (MEL-14: eBioscience at 10ug/ml per 1x108 cells) to 

the manufacturer recommended volume of the isolation cocktail. For 2D affinity 

measurements of tetramer-positive cells, CD4+CD62- enriched samples were stained 

with tetramer (described in tetramer avidity methods) and sorted on a FACSAriaII (BD 

Biosciences). To determine relative 2D affinity, 30 independent 2-second contacts were 

tested per T cell to generate an adhesion frequency value (Pa(2s)). Cells showing an 

adhesion frequency above 10% at the highest pMHC coating densities (>1000/μm2) were 

considered antigen reactive (previously identified cutoff (10, 76)). Cells exhibiting 100% 
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adhesion were further resolved using lower pMHC densities until frequency values below 

90% were obtained (79). The adhesion frequency was used to derive the relative 2D 

affinity of the cell with the following equation. AcKa = -ln (1-Pa(2s)) / mrml  where mr 

and ml represent receptor (TCR) and ligand (pMHC) density per area (μm2), Pa(2s) is the 

adhesion frequency at the 2s equilibrium contact time, Ac is the contact area (kept 

constant) and AcKa is the 2D affinity (in μm4) (67). TCR and pMHC density per cell 

were determined using Quantibrite PE quantification beads (BD Biosciences) per 

manufacturer instructions and staining of TCR with anti-mouse TCRβ PE antibody (H57-

597; BD Biosciences) and MHC staining with anti-IA/IE antibody (M5/114/15/2; 

eBioscience) both at saturating concentrations. Calculations of molecules per area were 

done by dividing the number of TCR and pMHC per cell by the respective surface areas 

(hRBC 140 μm2, T cell – during-assay measured diameter of an individual T cell and the 

surface area equation of a sphere) (41). A total of 70-400 cells were tested per sample 

with 20-70 binders/antigen-specific cells used to derive the geometric mean affinity for a 

given population. 

 

Statistical analysis 

Statistical significance of measured values was determined with Ordinary-One Way 

ANOVA, Turkey’s multiple comparisons, Sidak’s multiple comparisons, and two-tailed 

parametric Student’s t-tests with ROUT outlier test (Q=1%) used to eliminate outliers all 

using the Prism 7 Software (GraphPad). Statistical significance indicated as ns = no 

significance, * P > 0.05, ** P > 0.01, *** P > 0.001, and **** P > 0.0001.
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Results 

Chronic antigen stimulation leads to T cell dysfunction but maintains tetramer-positive 

cells at a number comparable to the acute response 

In the LCMV B6 model, the Armstrong virus causes an acute infection that lasts 8-10 

days whereas CL13 persists 40-80 days in serum and spleen but remains in tissues like 

the brain and kidney (207, 208, 215). Chronic antigen exposure leads to CD4 T cell 

dysfunction early in CL13 infection and results in a faulty memory pool that is unable to 

mount a secondary response (167, 169). To compare and contrast how the duration of 

antigen exposure alters the frequency and number of IAb restricted GP61-80 specific CD4 T 

cells, we assessed the TH1 cytokine response and the overall prevalence of pMHCII 

tetramer-positive cells (i.e higher affinity cells) at time points that corresponded to prior 

and post viral antigen clearance. CL13 infection led to the increased and sustained 

expression of the inhibitory and recent antigen experience marker PD-1 on GP61-80 

specific IFNγ producing TH1 (Fig. 1A) and pMHCII tetramer-positive cells early in the 

infection (Fig. 1B). PD-1 expression was upregulated at the early effector (day 8 post-

infection (d8)) and chronic stage (d35) of the CL13 response confirming continuous 

antigen exposure as compared to the acute infection. A marked decrease in PD-1 

expression was noted at d120 indicating viral clearance from serum and spleen at this late 

time point (Fig. 1A, 1B). As is the hallmark of the chronic infection, the dysfunction in 

the TH1 response was observed with a significant reduction in the frequency and number 

of IFNγ positive (Fig. 1C) and polyfunctional IFNγ, TNFα, and IL-2 co-producing CD4 

T cells (Supplemental Fig. 1A-C) as compared to the more robust acute response (166, 

169). However, the two responses had an equal prevalence of epitope-specific tetramer-
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positive CD4 T cells at the later time points (d35 and d120) and only differed in the 

number of expanded effectors at d8 (Fig. 1D) (167, 169). Although this suggested the 

inhibitory environment in CL13 infection limited early CD4 T cell expansion, the decay 

in this population occurred relatively slower with a similar number of tetramer-positive T 

cells maintained between d8 and d35 and a significant contraction occurring at d120 with 

antigen clearance (Fig. 1D). In contrast, a continuous decline in tetramer-positive cells 

was observed as the acute response progressed from the expansion of peak d8 effectors to 

the formation and maintenance of early (d35) and late (d120) memory cells. Hence, more 

contraction and culling of antigen-specific cells occurred throughout memory long after 

clearance of viral antigen. The decay pattern in the TH1 population (Fig. 1C)  mirrored 

the observed decrease in tetramer-positive cell numbers (Fig. 1D) in both acute and 

chronic infection and confirmed previous observations of time-dependent memory CD4 T 

cell decline in acute infections (86, 179, 226). As pMHCII tetramers are partial to high-

affinity cell detection, these data suggested high-affinity CD4 T cells are retained in the 

presence of antigen with chronic infection (185) and that their decline in the absence of 

antigen was not unique to chronic antigen stimulation but occurred in response to acute 

infection as well. 

 

CD4 T cell affinity peaks at effector phase and declines equally with memory in acute 

and chronic infection  

As low-affinity cells are expected to participate in the immune response and potentially 

dominate (78, 185) our observation of a decline in the high-affinity (tetramer-positive) 

antigen-specific CD4 T cell population in both acute and chronic infection alluded to a 
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possible decrease in the overall affinity of the response in the progression towards viral 

clearance. To evaluate if affinity declines in the total antigen-specific population, 

inclusive of tetramer-positive and negative CD4 T cells, we used the 2D-MP to measure 

single cell CD4 TCR affinity. In the 2D-MP assay, the adhesion between TCR and 

pMHC on micropipette anchored CD4 T cells and pMHC coated human red blood cells 

(hRBCs) was visually assessed using an inverted microscope (10, 41, 67, 79). Adhesion 

or binding was evidenced as the elongation of the flexible RBC membrane as the two 

cells were brought in contact and separated sequentially (Supplemental Fig. 2A). These 

adhesion or binding events along with the surface density of TCR and pMHC were used 

to generate a relative 2D affinity for individual T cells and the geometric mean affinity 

was used to compare different populations. To perform these measurements, we enriched 

for CD4+CD62L- T cells to maximize the frequency of antigen-experienced 

CD4+CD44hi cells within the sample (Supplemental Fig. 2B). Determining the adhesion 

frequency to the IAb GP66-77 monomer as compared to a control none-LCMV monomer 

tested the LCMV specificity of individual T cells within each sample (Supplemental Fig. 

2C). Using this method, high and low-affinity cells were detected in both the acute and 

chronic infection at all the time points tested with a >1000-fold affinities represented in 

each response. However, the peak TCR affinity of the polyclonal response occurred at d8 

with both infections showing an increased prevalence of higher affinity CD4 T cells 

before a decline occurred in the transition to memory time points (Fig. 2A, B). Of 

interest, at both the d8 peak effector and d120 memory time points the acute (ARM Fig. 

2A) and chronic (CL13 Fig. 2B) infections generated an antigen-specific population with 

equivalent average affinities (ARM;CL13 d8 - 1x10-4 μm4; 2x10-4 μm4 and d120 - 8x10-6 
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μm4; 3x10-6 μm4). While the Armstrong population affinity steadily declined to the d120 

time point, the CL13 responders maintained the same high-affinity effector levels 

between d8 and d35 and only declined in the transition between d35 and d120 (Fig. 2C). 

Therefore, in the acute and chronic infections, the CD4 T cell population affinity was 

highest during the effector response with antigen presence maintaining a larger frequency 

of higher affinity T cells as observed with tetramer staining frequency and numbers. Viral 

clearance in both infections resulted in a lower affinity memory CD4 T cell population 

concurrent with a decline in tetramer-positive T cells. 

 Identification of virus-specific CD4 T cells by 2D-MP revealed a greater frequency of 

responding T cells than determined using pMHCII tetramer, as previously noted (10, 78). 

Employing an in vivo limiting dilution assay along with the Nur77GFP reporter mice 

with peptide antigen delivered in CFA, we had reported the number and affinity of naïve 

antigen-specific precursors inclusive of lower affinity T cells for several antigens (78). 

Lower affinity, tetramer-negative precursors were found to dominate the naïve population 

for all the tested epitopes including the LCMV epitope studied in this work. In the naïve 

repertoire, tetramer-negative IAb GP66-77 specific lower affinity T cells outnumbered 

tetramer-positive high-affinity precursors by >3 fold and similarly dominated during 

Armstrong and CL13 infections reaching a seven-fold difference at d120 (Fig. 2D, E). To 

validate that tetramer preferentially stains higher affinity CD4 T cells, we sorted pMHCII 

tetramer-positive cells from d7 Armstrong infected mice to greater than 99% enrichment 

(Supplemental Fig. 2D) using fluorescence activated cell sorting (FACS) and measured 

their 2D affinity. Compared to the total antigen-specific CD4 T cell population, the sorted 

tetramer-positive T cells had a ten-fold higher affinity and demonstrated a narrowed 
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affinity range (Fig. 2F). Based on this and previous observations from LCMV and myelin 

oligodendrocyte glycoprotein (MOG) specific tetramer-positive cells (10), 1x10-4 μm4 

was used as the threshold 2D affinity cutoff for tetramer binding, with higher and lower 

affinity TCRs falling above and below this line, respectively. As the population affinity 

decreased below this threshold during memory (Fig. 2A-C), the increasing disparity 

between the antigen-specific cell frequencies detected by 2D-MP and tetramer largely 

occurred from pMHCII tetramer missing lower-affinity TCRs. 

 In a Friend virus protracted infection model, antigen presentation by activated B-cells 

was necessary for the expansion and over-representation of lower affinity T cell 

clonotypes and the decay in high-affinity T cells late in the infection (185). To determine 

if the affinity decline in the LCMV model can also be attributed to a B-cell role and thus 

abolished in an environment devoid of B-cells, we measured the 2D affinity of IAb GP66-

77 specific CD4 T cells in Armstrong infected B-cell deficient mice (Ighm -/-). Similar to 

the infection of wild-type (WT) B6 mice, Ighm-/- mice demonstrated a decrease in 

average TCR affinity between effector (d8) and memory (d85) T cells (Fig. 2G – trending 

significance p = 0.0522). 2D-MP identified more antigen-specific cells than pMHCII 

tetramer during both the effector and memory stages of the response with the transition 

from the d8 five-fold frequency difference to the twenty-four-fold change by d85 

confirming the increased prevalence of low-affinity cells at the later time point (Figure 

2h). The increased frequency of low-affinity cells at memory coupled with the drop in 2D 

affinity demonstrated the skewing to lower affinity cells can occur in the absence of B-

cells. While this does not rule out a possible role for B-cells in the B6 model it suggested 

other mechanisms also contribute to the observed decay in affinity.  
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Tetramer avidity changes in chronic infection in the absence of TCR affinity 

differences  

 Overall, the skewing to lower affinity T cells in the acute response was in opposition 

to other findings of affinity maturation or selective enrichment of higher affinity cells at 

memory (56, 58, 92, 142). As these observations were made using pMHC tetramers as 

surrogate readouts for TCR affinity, we assessed tetramer avidity in the two infections for 

a comparison to these previous studies and our 2D affinity data. As measures of TCR 

affinity, 2D-MP and pMHCII tetramer avidity analysis require an accounting of TCR 

density and the total number of receptors per cell (29, 41, 140). Accordingly, we 

monitored TCR expression levels in acute and chronic infection with the TCR specific 

anti-TCRβ (clone H57-597) monoclonal antibody. As performed with our 2D-MP 

protocols we used quantification beads to determine the number of TCRs on CD44hi 

cells. CD4 T cells in chronic infection had a higher TCR expression at d35 whereas d8 

and d120 numbers remained equivalent to Armstrong responders (Fig. 3A). A lack of 

TCR downregulation between d8 and d35 in CL13 infection contributed to this observed 

difference. Of note, TCR numbers decreased past antigen clearance time points within 

each infection indicating TCR downregulation can occur independently of antigen 

presence. This finding was analogous to a study that revealed TCR downregulation as a 

programmed event set early during antigen encounter but manifesting later in the 

response despite the absence of antigen (131). Although the contribution of the CD4 co-

receptor was found to be minimal in binding to pMHCII (28, 29, 141, 227), we next 

assessed CD4 expression levels on CD44hi cells relative to the naïve population (Fig. 3B.) 

The difference was limited to d8 effectors with identical expression patterns observed 
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between acute and chronic infections at d35 and d120 (Fig. 3C). Flow cytometry analysis 

of forward scatter (FSC-A) was also used to assess T cell size and identify TCR and CD4 

density differences. In both infections, activated T cells were larger at the peak of the 

response and reduced in size towards memory (Fig. 3D). CL13 specific cells at d8 were 

larger than their Armstrong counterparts while d35 and d120 cells were of equivalent 

size. Although in CL13 infection exhausted CD8 T cells were previously found to be 

smaller in size compared to late memory cells (168), CD4 T cell size at d120 was not 

significantly different between exhausted and memory cells despite showing a similar 

trend. The cell size data together with the TCR expression changes suggested potential 

TCR density differences between early and late time points in both the acute and chronic 

infection. While normalized in our 2D-MP measurements, these differences can affect 

tetramer avidity (29, 131).  

 To measure pMHCII tetramer avidity, we stained splenocytes with decreasing 

concentrations of IAb GP66-77 tetramer and used IAb CLIP103-117 control tetramer to 

determine the frequency of cells with specific staining. The frequency at the highest 

tetramer concentration was defined as the maximal frequency (100%), the data 

normalized accordingly and fitted to a dose-response curve (Fig. 4A, C) for quantification 

of tetramer EC50 concentrations (Fig. 4B, D). Tetramer avidity remained unchanged 

between effector and memory cells in the Armstrong response (Fig. 4A, B) whereas, in 

contrast, avidity changes were noted in the chronic infection with d35 CD4 T cells 

showing increased tetramer avidity (Fig. 4C, D). A comparison of acute and chronic 

responders showed CD4 T cells in the CL13 response had significantly higher tetramer 

avidity at all the time points tested (Fig. 4E). Given that the TCR expression difference 
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across the two infections was only limited to d35, the d8 and d120 increased avidity in 

CL13 suggested a CD4 and TCR number independent effect thus we next assessed 2D 

affinity. For a fair comparison between 2D affinity and tetramer avidity, we excluded 

tetramer-negative T cells from our 2D-MP analysis using the tetramer binding threshold 

affinity (1x10-4 μm4) to group single cell measurements into high-affinity tetramer 

binders and tetramer-negative cells. In both acute and chronic infection, the average 2D 

affinity of antigen-specific cells falling above this threshold remained unchanged 

throughout each infection and across the two responses (Fig. 4F-G). In the Armstrong 

infection, this relative 2D affinity mimicked the observed static tetramer avidity, while in 

the CL13 response, tetramer avidity changes occurred despite the equivalent 2D affinities 

measured at each time point. The lack of TCR number and 2D affinity differences at d8 

and d120 suggested the two responses generate a CD4 T cell population with comparable 

affinities while other affinity and TCR number independent factors influenced tetramer 

avidity (EC50). CD4 co-receptor’s role in binding pMHCII has previously been shown to 

be negligible (28, 29, 141, 227) and does not explain differences in avidity and affinity 

measurements identified here.  

 

Tetramer half-life similar between memory and exhausted CD4 T cells  

A direct correlation between TCR affinity and TCR:pMHC interaction half-life have 

previously been observed, where high-affinity T cells had a longer interaction duration 

with pMHC displaying antigen presenting cells (8, 108). To determine if pMHCII 

tetramer interaction half-life correlated to avidity or 2D affinity measurements, we next 

performed tetramer decay assays. After pMHCII staining of samples from acutely or 
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chronically infected mice, tetramer labeled cells were incubated with an anti-MHC II 

antibody that binds dissociated tetramer and prevents rebinding to TCR (56, 60, 131). 

The decay in tetramer staining intensity was measured over time and normalized to the 

signal detected at time 0. The data were fitted to a one-phase exponential decay non-

linear regression and half-life determined accordingly (Fig. 5A, B) (64, 225). To avoid 

the inadvertent early skewing to a negative signal (MFI) that occurs with grouping 

tetramer-positive and negative polyclonal populations together, decay in tetramer staining 

intensity was measured for T cells falling in the tetramer-positive gate established using 

the control tetramer. To validate our analysis, we compared the frequency of tetramer-

positive cells detected at every decay time point. The frequency of tetramer-positive cells 

detected at time 0 was similar to the frequency at all other time points during the assay, 

indicating the decay in tetramer MFI does not lead to a loss in detection of antigen-

specific T cells (Supplemental Fig. 3A-C, data not shown). Using this analysis method, 

tetramer decay measurements in both the Armstrong and CL13 response showed a similar 

interaction half-life across all infection time points (Fig. 5A, B, Supplemental Fig.3D-E). 

Equivalent pMHCII tetramer half-lives were also noted between acute and chronic 

infection at all points of comparison (Fig. 5C) aligning half-life measurements with 2D 

affinity but not pMHCII tetramer avidity.  

 

Exhausted CD4 T cells have a lower functional avidity compared to memory cells 

Functional avidity is often used to infer the affinity of a polyclonal T cell response with a 

high functional avidity generally predicting the presence of TCRs with a greater affinity 

for pMHC (4). Furthermore, this ex-vivo testing of a virus-specific CD4 T cell 
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populations’ ability to respond to decreasing doses of cognate antigen allows for a 

comparison of their sensitivity and potential to generate a functional response in-vivo 

(228). In this dose-response assay, the frequency of cytokine-producing CD4 T cells at 

each dose of cognate antigen was normalized to the frequency observed at the highest 

peptide concentration (100uM), and the data fitted to a nonlinear curve for deriving half-

maximal effective concentration (EC50) values. With acute infection (Fig. 6A), IFNγ 

producing GP61-80 specific CD4 T cells showed increased functional avidity in the 

transition from effectors to early memory cells but no further increase was observed at 

late memory, contrary to previous findings (86). A similar functional avidity increase was 

also detected in CD4 T cells responding to CL13 infection (Fig.6B). Despite this similar 

trend, the CD4 T cells in the acute infection had a significantly higher functional avidity 

compared to the chronic responders as seen with EC50 measurements of IFN (Fig. 6C). 

Within each infection, the antigen sensitivity seen with IFNγ producers was recapitulated 

with IL-2 (Fig. 6D) and TNFα (data not shown) producers. However, between acute and 

chronic responders, unlike the IFN avidity difference seen at all time points, IL-2 (Fig. 

6D) and TNFα (data not shown) avidity equalized at the d120 time point. Collectively, 

the data demonstrated that virus-specific CD4 T cells increase sensitivity to antigen in 

response to acute and chronic infection, but initial activation conditions set the degree of 

sensitivity. Furthermore, this increased sensitivity can occur without an accompanying 

increase in 2D affinity or pMHCII tetramer avidity.
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Discussion 

 In an infection setting, a T cell’s potential for activation, expansion, cytokine 

production and survival as a memory cell is dependent on TCR affinity as well as other 

inflammatory environment incited selective pressures (60, 86, 172, 180). In this study, 

using the 2D-MP assay, we sought to further our understanding of how the antigen-specific 

CD4 T cell population’s average TCR affinity changes under the pressures of acute and 

chronic infection in the well-studied LCMV model. In LCMV and other infections, CD4 T 

cells adept at controlling acute infections demonstrate robust cytokine production and form 

long-lived memory that protects the host against subsequent infections. However, in 

chronic infections as seen with the LCMV mouse model as well as the human pathogens 

HIV and HCV, continuous exposure to high antigen levels render CD4 T cells functionally 

exhausted and with altered T helper and memory differentiation outcomes (166, 167, 170, 

205, 216, 229, 230). While the efficacy of the CD4 response in acute infections has 

previously been correlated with the enrichment of high-affinity/avidity T cells (56, 86, 142, 

179), recent observations in retroviral infection models have demonstrated the chronic 

response to be enriched in lower affinity/avidity clones late in the infection (185, 221).  

 Our data highlight under acute and chronic infection CD4 T cell affinity diversity is 

equally maintained. Both responses expanded peak effector CD4 T cells of equivalent 2D 

affinities and the average affinity of the antigen-specific population similarly declined with 

antigen clearance. Although both high and low-affinity T cells expanded to infection and 

later contracted, the relative abundance of each population changed depending on the stage 

of the immune response. At the peak of the effector response and in the presence of antigen 

high-affinity cells were more prevalent (185) in both acute and chronic infection. However 
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with antigen clearance increased contraction of high-affinity T cells (tetramer-positive) 

(231) and a potential outgrowth of lower affinity (73, 185) clones gave way to a lower 

affinity T cell dominated memory population in both Armstrong and CL13 infection. As 

previously noted (10, 78), the 2D-MP detected more antigen-specific cells (2-7 fold higher) 

in both acute and chronic infection compared to pMHCII tetramer which selectively 

identified higher affinity cells. In evidence of this affinity bias, we found pMHCII tetramer-

positive cells had a ten-fold higher average 2D affinity and spanned a narrower affinity 

range compared to the tetramer-positive and negative inclusive sample. As the CD4 T cell 

population affinity declined with memory, more antigen-specific cells were identified 

using 2D-MP than pMHCII tetramer. At the naïve precursor level, a similar skewing to 

lower affinity cells was previously observed for GP61-80 specific CD4 T cells which showed 

a 3:1 bias (78) before settling into the observed 7:1 ratio at memory. This would suggest 

the immune system maintains and resets the ratio of low to higher affinity T cells back to 

this similar pre-infection hierarchy that existed prior to infection. 

 Active mechanisms that promote affinity diversity and maintain lower affinity cells in 

the immune system have previously been proposed (92, 93, 185). In the CD4 T cell 

response to Friend virus protracted infection model, a similar decrease in affinity and 

enrichment for lower affinity cells was observed late in the infection (185). While showing 

this similar skewing to lower affinity cells occurred in the chronic LCMV CL13 model, we 

also observed this phenomenon was not unique to chronic infection as the acute response 

shared this progression from a peak affinity at effector time points before a decrease in 

overall affinity at memory. Of interest, the decline in overall T cell affinity was dependent 

on B-cell antigen presentation in the Friend virus infection model. In our 2D affinity 
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measurements of Armstrong infected B-cell deficient Ighm-/- mice a similar affinity 

decline between effector and memory cells suggested other T cell intrinsic and extrinsic 

factors regulated CD4 T cell population affinity. Of note, in a previous characterization of 

Armstrong infection in Ighm-/- mice, CD4 T cell memory numbers and cytokine 

production were found significantly reduced when compared to the WT response (182). 

While the poor secondary lymphoid architecture in Ighm-/- mice also contributed towards 

the deficit in CD4 memory, transient depletion of B-cells in WT mice identified a clear B-

cell role in sustaining CD4 T cell memory numbers during the T cell contraction phase 

(183). These findings together with our observed affinity decline both in the presence and 

absence of B-cells suggest these cells maintain memory CD4 T cell numbers as a whole 

and likely without partiality towards higher or lower affinity clones in the LCMV model. 

Redirection of CD4 T helper differentiation and prevention of immune pathology in Friend 

virus infection was also dependent on B-cells unlike the LCMV chronic response (170, 

230) hence confirming the potential role of other mechanisms in the enrichment of lower 

affinity cells in the LCMV model. However, further investigation is needed to identify said 

mechanisms and the contribution of B-cells towards this event without the confounding 

factors present in Ighm-/- mice. Of interest, the lack of affinity differences between acute 

and chronic LCMV infection suggested the shift towards a TFH response in CL13 also 

occurred independently of a differential TCR affinity skewing. In agreement with our 

observations, the potential for differentiation into TFH cells has been noted for high to low 

TCR affinity interactions with antigen dose playing a significant role in driving monoclonal 

T cells down a TFH or alternative differentiation path (170-172).  
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 The CD27/CD70 co-stimulatory pathway has previously been reported as a mechanism 

that ensures memory T cell survival and TCR affinity diversity through maintenance of 

lower affinity T cells in the antigen-specific repertoire (92, 93, 232). Characterization of 

co-stimulatory molecules on pMHCII tetramer-positive memory and exhausted T cells in 

the same LCMV models of acute and chronic infection has shown increased CD27 

expression on exhausted CD4 T cells (169). Although we also noted CL13 specific early 

effectors had increased CD27 expression compared to Armstrong responders, tetramer-

positive and total CD44hi cells did not sustain high CD27 expression levels in the 

progression to lower affinity memory time points (data not shown). Despite the early 

difference in CD27 expression, acute and chronic responders demonstrated identical 2D 

affinities in the high-affinity T cell population (tetramer-positive) at all time points tested. 

The total population also equally shifted to a lower affinity population at late memory 

making CD27 expression an unlikely mechanism leading to low-affinity T cell enrichment. 

However, direct approaches that abrogate CD27/CD70 interaction may further clarify if 

this pathway plays a role in the observed decline in CD4 T cell affinity.   

  Contrary to our 2D affinity observations, selection into the memory pool has previously 

been correlated with increased population affinity as measured by avidity for pMHCII 

tetramer, longer tetramer binding half-lives and a higher functional avidity (56, 86, 142, 

179). Given the correlation between these measurements and monomeric TCR:pMHC 

affinity, memory is thought to enrich for higher affinity/avidity T cells resulting in T cell 

affinity maturation (58, 87, 137, 220). Our tetramer avidity measurements in acute and 

chronic infection revealed neither population enriched for higher avidity cells in the 

progression to memory time points. In fact, pMHCII tetramer avidity remained identical in 
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the transition from peak effectors to memory cells in the Armstrong infection while a 

higher avidity was measured at d35 in the CL13 response. However, TCR expression 

difference can be a confounding factor when comparing avidity within each infection. 

Between Armstrong and CL13 responders, the similar TCR expression in d8 and d120 

samples allowed for a direct comparison of avidity with the data demonstrating increased 

avidity in the CL13 response. Our reanalysis of average 2D affinities for T cell populations 

falling above the 1x10-4 2D affinity cutoff for tetramer binding showed affinity to be static 

in each high-affinity (tetramer-positive) response and equivalent between acute and 

chronic infection. This suggested TCR affinity independent mechanisms might be playing 

a role in the observed tetramer avidity differences. CD4 has no contribution toward binding 

pMHCII tetramer (28, 29, 227) and expression differences were limited to d8 samples thus 

co-receptor did not explain the increased avidity. Tetramer staining relies on the binding 

of multiple TCRs to the same pMHCII tetramer complex with one interaction increasing 

the likelihood of a second TCR:pMHC binding, hence the avidity (9, 64). T cell activation-

induced changes in TCR clustering, membrane lipid raft organization and decreased 

membrane stiffness or enhanced fluidity can lead to altered tetramer binding capabilities at 

the T cell surface and could be factors different in the inflammatory environment with 

continuous antigen stimulation (63, 233, 234). Memory T cell population skewing based 

on increased pMHCII tetramer interaction half-life and in the absence of a tetramer avidity-

based enrichment has previously been noted (60). In our comparisons, tetramer half-life 

measurements remained equivalent over the course of each response and between acute 

and chronic responders showing a correlation to 2D affinity measurements of the high-

affinity CD4 T cell population.  
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 As antigen-specific peak TH1 effectors progressed down the differentiation path to 

early and late memory cells, a stepwise increase in functional avidity was noted in 

Armstrong infection (86, 179). Although functional avidity remained similar between early 

and late memory cells, our data also demonstrated a shift towards increased antigen 

sensitivity in the transition from peak effectors to early memory cells. The increased 

antigen sensitivity occurred in the absence of comparable 2D affinity, tetramer avidity, and 

half-life changes. Other studies of monoclonal and polyclonal responses have also reported 

a similar disassociation between TCR affinity and functional avidity (69, 86, 87). Under 

continuous antigen exposure, exhausted TH1 cells also increased functional avidity as the 

immune response progressed towards antigen clearance but the degree of sensitivity was 

significantly reduced as compared to the robust IFNγ response in Armstrong infection. 

Antigen dose, the inflammatory environment and the upregulation of inhibitory receptors 

in the CL13 response can dampen T cell activation and functional responses (180, 228).  

 Overall, our 2D affinity findings highlight CD4 TCR affinity diversity in the antigen-

specific polyclonal population is equally maintained under the pressures of acute and 

chronic infection with both systems expanding CD4 T cell populations of identical 2D 

affinities. High-affinity T cells dominated peak effector populations, whereas the increased 

prevalence of lower affinity cells coincided with antigen clearance. A correlation between 

functional and tetramer avidity measurements and 2D micropipette based affinity analysis 

was not consistent, confirming the influence of TCR affinity independent mechanisms on 

these assays. The dentification of parameters that predict and correlate with the efficacy of 

a CD4 T cell’s response is critical in tailoring therapies and vaccines towards effectively 

combating acute and chronic infections. While our 2D TCR affinity, pMHCII tetramer 
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avidity, and half-life analysis did not differentiate CD4 memory cells from their exhausted 

counterparts, our data confirmed increased functional avidity better correlated to the T cell 

response difference between acute and chronic infection and the generation of functional 

memory. We now show in chronic infection, the immune response can maintain a 

population with an intact TCR affinity distribution that can be targeted by therapies that 

restore antigen sensitivity and boost CD4 T cell functionality. Future studies are required 

to identify immune mechanisms that are in place for maintaining this affinity diversity and 

to further elucidate the role of high and low-affinity cells within the immune response. 

Comparisons of as yet unmeasured TCR:pMHC kinetic and biophysical parameters can 

explain the response difference in the two infections and provide better correlates to 

protection and futures targets for immunotherapies. 
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Figure 1. Chronic antigen stimulation leads to T cell dysfunction but maintains 

tetramer-positive cells at a number comparable to the acute response. (A) A 

representative flow plot with the frequency of IFN and PD-1 expressing cells in ARM 

and CL13 at the indicated days post infection (dpi) gated on CD4+CD44hi splenocytes. 

(B) A representative flow plot with the frequency of IAb GP66-77 tetramer+ and PD-1 

expressing cells under the conditions mentioned in (A). (C) Frequency (left) and log-

transformed absolute numbers (right) of IFN producing cells at the time points and 

infections represented in the flow plot in (A). (D) Frequency (left) and log-transformed 

absolute numbers (right) of IAb GP66-77 tetramer+  T cells represented in (B). (C, D) 

Cumulative data with 3-5 independent experiments and a total n = 7-19 mice/group at 

n=2-5 mice/experiment/group. Bar graphs with Mean  SEM. Statistical significance, ns 
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= no significance, * P > 0.05, ** P > 0.01, *** P > 0.001, **** P > 0.0001, Student t-test 

(ARM vs CL13), Ordinary one-way ANOVA Tukey’s multiple comparison test (between 

dpi - individual infections). 
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Figure 2. CD4 T cell affinity peaks at effector phase and declines equally with 

memory in acute and chronic infection. (A, B) 2D affinity of IAb GP66-77 specific cells 

in CD4+CD62L- enriched samples from ARM (A) and CL13 (B) infected splenocytes 

and a comparison of the two infections (C) at the designated days. (D, E) A comparison 

of tetramer and 2D detected frequency of IAb GP66-77 specific cells in above-mentioned 

samples from (D) ARM and (E) CL13. (F) 2D affinity of sorted tetramer+ and total (tet+ 

and tet-) CD4+CD62L- cells from d7 ARM infected splenocytes. (G) 2D affinity of IAb 

GP66-77 specific CD4+CD62L- T cells from ARM infected B-cell deficient (Ighm-/-) mice 

at d8 and d85 dpi with p-value (0.0522). (H) Comparison of tetramer and 2D frequency 
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in samples from (G). All data representative of 2-3 independent experiments with 

splenocytes from 2-3 mice pooled pre-CD4+CD62L- enrichment per time point and per 

infection. Affinity data log-transformed with (+) sign depicting mean affinity in box and 

whisker graphs with min to max range of measured single cell affinities. Tetramer + 

high-affinity cell cutoff as a dotted line at 1 x 10-4. Mean + SEM in bar graphs. Statistical 

significance, ns = no significance, * P > 0.05, ** P > 0.01, *** P > 0.001, **** P > 

0.0001, (A, B) Ordinary one-way ANOVA Tukey’s multiple comparison test, (C) Sidak’s 

multiple comparison test, (D, E, G, H) Student t-test. 
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Figure 3. TCR expression higher in CL13 infection. (A) TCR per cell numbers for 

CD44hi CD4 T cells from ARM and CL13 infected splenocytes at the designated days 

using PE quantification beads. (B) A representative flow plot showing the gating strategy 

for naïve (CD44loCD62L+) and antigen experienced (CD44hi) cells from total CD4 T 

cells. (C) % CD4 MFI and (D) % FSC-A MFI of CD44hi cells normalized to naïve MFIs. 

(A, C, D) Points representing individual mice (n=7-10 mice with n=2-5 

mice/experiment/group). MFI of CD44hi cells divided by MFI of naïve cells and 

multiplied by hundred to get % relative MFI. Mean  SEM. Statistical significance, ns = 

no significance, ** P > 0.01, *** P > 0.001, **** P > 0.0001, Ordinary one-way 

ANOVA Tukey’s multiple comparison test (between dpi - individual infections), Sidak’s 

multiple comparison test (ARM vs CL13).  
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Figure 4. Tetramer avidity changes in chronic infection in the absence of TCR 

affinity differences. Tetramer avidity curves showing % maximum tetramer+ cells at the 

different tetramer concentrations used to stain splenocytes from (A) ARM and (C) CL13 

infected mice at the different dpi. The frequency of tetramer+ cells at the different doses 

was divided by the frequency at the highest concentration (10ug/ml) to calculate % 

maximum tetramer binders. Curves fitted to a non-linear regression (normalized 

frequency x log concentration - dose response curve with a variable slope). EC50 tetramer 

concentrations obtained from the dose response curves for individual mice from (B) 

ARM and (D) CL13 infections. (E) Comparison of EC50 values between ARM and CL13 
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at the different dpi. 2D affinity of antigen-specific cells that fall above the tetramer 

staining affinity cutoff (F) ARM and (G) CL13 infection and (H) a comparison of the 

two responses. (A, C) Curves represent the Mean  SEM of n = 12-16 mice. (B, D, E) 

Mean  SEM in bar graphs with n=8-12 mice with each symbol representing individual 

mice. (F, G, H) pooled sample from 2-3 mice, affinity data log-transformed with (+) sign 

depicting mean affinity in box and whisker graphs with min to max range of measured 

single cell affinities. Tetramer + high-affinity cell cutoff as a dotted line at 1 x 10-4. All 

data representative of 3-5 independent experiments at n=2-5 mice/experiment/group. 

Statistical significance, ns = no significance, * P > 0.05, ** P > 0.01, *** P > 0.001, **** 

P > 0.0001, (B, D, F, G) Ordinary one-way ANOVA Tukey’s multiple comparison test 

(between dpi - individual infections), (E) Student t-test, (H) Sidak’s multiple comparison 

test (ARM vs CL13). 
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Figure 5. Tetramer half-life similar between memory and exhausted CD4 T cells. 

Tetramer decay curves (left) and bar graphs of half-lives (right) for CD4 T cells from (A) 

ARM and (B) CL13 infected splenocytes and (C) a comparison of the two shown for the 

different dpi. (A, B left) Tetramer MFI at decay time points was normalized to time 0 

MFI and the % MFI fitted to a one-phase exponential decay curve. (A, B right) Half-lives 

derived from curves for individual mice in bar graphs with symbols representing each 

mouse. Mean  SEM representative of n = 13-14 mice, 3-5 independent experiments at 

n=3-5 mice/experiment/group. Statistical significance, ns = no significance. (A, B) 

Ordinary one-way ANOVA Tukey’s multiple comparison test (between dpi - individual 

infections), (C) Student t-test (ARM vs CL13). 
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Figure 6. Exhausted CD4 T cells have a lower functional avidity compared to 

memory cells. Functional avidity dose response curves showing % of maximal IFN 

producers at the different doses of GP61-80 peptide used for ex-vivo stimulation of 

splenocytes from (A, left) ARM and (B, left) CL13 infected mice at the different dpi. The 

frequency of IFN producers at the different doses was divided by the frequency of 

producers at the highest peptide dose (100uM) to calculate % maximal producers. Curves 

fitted to a non-linear regression (normalized frequency x log concentration - dose 
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response curve with a variable slope). EC50 peptide concentrations derived from the dose 

response curves for individual mice represented in bar graphs with each symbol 

representing a mouse for (A, right) ARM and (B, right) CL13. (C) Comparison of IFN  

and (D) IL-2 EC50 values between ARM and CL13 at the different dpi. Mean  SEM (A, 

B, C) representative of n = 9-18 mice and (D) n=7-10 mice. 3-5 independent experiments 

at n=2-5 mice/experiment/group. Statistical significance, ns = no significance, * P > 0.05, 

** P > 0.01, *** P > 0.001, **** P > 0.0001, (A, B right) Ordinary one-way ANOVA 

Tukey’s multiple comparison test (between dpi - individual infections), (C, D) Student t-

test (ARM vs CL13). 
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Supplemental Figure 1. Decreased polyfunctionality in chronic infection. 

Representative flow plots with the frequency of (A) IFN and TNF (B) IFN and IL-2 co-

expressing cells in ARM and CL13 at the indicated dpi gated on CD4+CD44hi splenocytes. 

(C) Frequency of TNF (top), IL-2 (middle)and triple cytokine (bottom) producing cells 

at the time points and infections represented in the flow plots. Cumulative data with 3-5 

independent experiments and a total n=6-17 mice/group at n=2-5 mice/experiment/group. 

Bar graphs with Mean  SEM. Statistical significance, ns = no significance, * P > 0.05, ** 

P > 0.01, *** P > 0.001, **** P > 0.0001, Student t-test (ARM vs CL13), Ordinary one-

way ANOVA Tukey’s multiple comparison test (between dpi - individual infections). 
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Supplemental Figure 2. 2D micropipette adhesion frequency assay and T cell sample 

enrichment. (A) Top, drawing of micropipette held T cell with surface TCR in contact 

with pMHC coated on human RBC through streptavidin – biotin interaction, and below, 

(first) a microscope bright-field image at 100x magnification showing the two cells held in 

contact, (second) a binding event when TCR is specific for the coated pMHC evidenced in 

the stretching of the RBC membrane as the T cell is retracted away from the RBC, (last) 

the lack of RBC shape change in the absence of specific binding between TCR and pMHC. 

(B) Representative flow plot of splenocyte enrichment for CD4+CD62L- cells with 

staining for CD44 and CD62L shown before and after enrichment (shown for day 8 ARM 

infection). (C) ARM d8 sample tested against the LCMV monomer IAb GP66-77 and the 
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control non-LCMV monomer IAb Ag85B280-294 from MTB. Individual points represent a 

single CD4+CD62L- T cell with cells showing adhesion frequencies between 10-100% 

(0.1-1.0 y-axis) considered specific to the test antigen. (D) Representative flow plot 

showing IAb GP66-77 tetramer staining of CD4+CD62L- enriched splenocytes from d7 

ARM infection before and after sorting (FACS) on tetramer+ cells. 
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Supplemental Figure 3. Frequency of tetramer+ cells during tetramer decay assay 

remains unchanged. Frequency of tetramer+ cells at time 0 compared to other decay time 

points for (A) ARM and (B) CL13 d8 samples and (C) the associated decay in tetramer 

MFI for tetramer+/- cells in the samples. Data representative of one of three replicates. 

Tetramer MFI at designated time points was normalized to time 0 MFI and the % MFI 

plotted for individual mice at the different dpi with (D) ARM and (E) CL13 infection. 

Representative of n=13-14 mice, 3-5 independent experiments at n= 4-5 

mice/experiment/group. Statistical significance, ns = no significance, Sidak’s multiple 

comparison test (A, B). 
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Chapter 3. Activation induced decrease and recovery of TCR 2D affinity and bond 

lifetime 

Rakieb Andargachew, Elizabeth M. Kolawole , Brian D. Evavold 

 

Abstract 

 

Shortly after encountering antigen, T cells are considered transiently unresponsive or 

refractory to subsequent simulation. To determine whether antigen stimulation also 

changes the cell surface biophysical interaction between TCR and pMHC, we assessed 

the 2D TCR affinity and bond lifetime under force between this receptor-ligand pair. 

Virus (LCMV) specific SMARTA transgenic CD4+ T cells were stimulated with peptide 

in vitro and 2D TCR affinity and bond lifetime determined at various time points after 

stimulation using the 2D micropipette adhesion frequency assay and the biomembrane 

force probe (BFP) respectively. We found activated T cells downregulated 2D affinity at 

twelve and twenty-four hours after seeing antigen with affinity recovering to naïve levels 

by forty-eight hours. Unlike pMHC tetramer staining which was dependent on TCR 

expression levels, the decrease in affinity was independent of antigen dose and degree of 

TCR downregulation. TCR:pMHC bond lifetime under force was also reduced early after 

antigen encounter with a steady recovery observed with time. Our data demonstrate a 

decrease in the bond lifetime and relative 2D affinity of TCR and pMHC result from 

early T cell activation events followed by a recovery phase with both changes occurring 

independently of activation-induced modulation of TCR expression. Thus, TCR affinity 

for pMHC is dynamic in the 2D T cell membrane context with cellular events allowing 

the T cell to fine-tune the ability of TCR to interact with antigen.  
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Introduction  

T cells that encounter their cognate antigen travel through a series of events that 

culminate in cell surface and intracellular changes that fine-tune their functional 

characteristics. The dynamic event begins with TCR:pMHC binding at the cellular 

junction between a T cell and an APC preceded by engagement of adhesion mediators 

and followed by costimulatory receptor binding across the two cells (235). During the 

early priming phase, the quantity and quality of this interaction is transmitted from the 

cell surface to the intracellular components leading to signaling events, synapse 

formation, TCR downregulation, upregulation of T cell activation markers, the initiation 

of IL-2 production, and T cell proliferation within the first 24-48 hours of antigen 

experience (101, 106, 107). The T cells are unresponsive and refractory to further 

antigenic stimulation following these early activation events (131, 236-239). As shown in 

several of these in vitro studies, this refractory period is mainly associated with TCR 

downregulation with increased receptor internalization and possible changes in the 

immediate signaling components maintaining this transient state. It is unclear if these 

cellular changes are also reflected in the cell surface interaction between TCR and 

pMHC.  

 In the context of the T cell, TCR exists anchored to the cellular membrane, 

associated with the CD3-complex, the co-receptor, other membrane proteins within close 

proximity and the underlying cell cytoskeleton modulating cell stiffness and polarization 

(23, 235). Upon TCR:pMHC binding, several biophysical changes occur in this 2D 

context. One proposed model of TCR triggering indicates possible conformational 

changes in the TCR and CD3 which allow a physical transmission of this binding signal 
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to manifest in CD3 ITAM phosphorylation (37, 81, 109, 117, 120, 240). Associated 

intracellular changes lead to cell cytoskeleton mobilization that leads to the formation of 

a signaling scaffold allowing synapse formation, altering membrane fluidity and cell 

polarization (234, 235). The kinetic-segregation model attributes TCR triggering to the 

shuffling of the receptor away from the phosphatase activity of CD45 and its localization 

and clustering in lipid rafts enriched with the kinase activity of Lck (115). Further 

cellular changes that can affect the receptor activity can also occur with metabolic 

reprogramming, IL-2 signaling and the cell cycle changes that promote cell division (210, 

241, 242). 

 Methods that allow 2D characterization of the TCR:pMHC interaction within the 

relevant membrane-associated environment have shifted our understanding of the binding 

kinetics for this receptor-ligand pair (42, 70-72). Such methods include the 2D-MP which 

measures 2D affinity and binding kinetics between TCR on a T cell and pMHC anchored 

on a human red blood cell (hRBC) (40, 67). A related method possessing a higher spatial 

and temporal resolution of binding kinetics and force measurements is the BFP which 

instead has pMHC coated on glass bead that is attached to a hRBC (72, 80). Previous in 

solution 3D SPR analysis of recombinant TCR and pMHC interaction contrasted with the 

2D cell junction measured binding kinetics using these and other 2D methods which 

demonstrated the interaction as high-affinity and with faster on and off rates (39, 41, 42, 

72). The 2D analysis incorporated the role of cytoskeletal and cell motility precipitated 

tensile force on bond lifetime and cell signaling, further identifying T cell mechanisms 

that allow discrimination of ligand quality by the TCR (72, 80-82, 124, 234, 240). Such 

2D analysis methods have shown a better correlation between receptor binding 
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characteristics and the associated functional outcomes measured through cytokine 

production, proliferation or cytotoxic activity (39, 41, 42, 70, 72).  

 Such 2D methods have also identified possible TCR triggering related cellular 

changes that can alter 2D TCR:pMHC binding and reflect functional capabilities. For 

instance, T cell incubation with cholesterol depletion agents such as cholesterol oxidase 

and methyl--cyclodextrin which disrupt lipid raft integrity, result in reduced 2D TCR 

affinity (41, 42). Similarly, cytochalasin D and latrunculin treatments which inhibit actin 

depolymerization altering cell cytoskeleton also result in decreased 2D affinity and 

interaction kinetic rates (41, 42). Other observations of 2D affinity changes in TCR 

transgenic monoclonal T cells indicate cellular regulation of TCR:pMHC binding through 

these possible mechanisms (41, 70). In vitro activated OT-I T cells have for instance 

demonstrated a higher 2D affinity compared to naïve cells after 5 days in culture (41, 70). 

Similarly, an in vivo study has identified 2D affinity changes that correlated with specific 

tissue localization and T cell differentiation status (70). In this study, splenic red pulp 

residing P14 transgenic CD8 T cells specific for the LCMV glycoprotein (GP33) had a 

higher affinity than naïve cells and white pulp localized T cells. Effector T cells within 

the red pulp compartment contributed towards this increased 2D affinity which correlated 

with an increased cytotoxic capability and an accelerated viral clearance. 

 Given that the initial stages of T cell activation result in a refractory 

unresponsiveness state, we set out to determine if TCR:pMHC binding at the T cell 

surface also reflects this altered cellular status. Following a reductionist approach, we 

tracked 2D affinity and bond lifetime alterations in SMARTA TCR transgenic CD4 T 

cells specific to the LCMV GP66-77 epitope. 2D-MP affinity measurements of in vitro 
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peptide stimulated SMARTA revealed a significant decrease in 2D affinity between 12-

24 hours post T cell activation. The reduction in affinity was independent of antigen dose 

and TCR downregulation. A similar decrease in the bond lifetime was observed within 

this time frame and recovery in 2D affinity and interaction lifetime occurred at 48 hours 

post-activation, coinciding with T cell proliferation and 2D affinity returning to naïve 

levels. These findings highlight TCR:pMHC 2D affinity and bond lifetime as dynamic 

events regulated by T cell activation and differentiation condition underscoring the 

necessity of evaluating this interaction in the natural 2D context. 
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Materials and Methods 

Mice  

C57BL/6 (B6) mice were purchased from the National Cancer Institute (NCI) and Charles 

River. Lymphocytic choriomeningitis virus GP61-80 (IAb) specific TCR transgenic Thy1.1 

SMARTA mice were bred in-house (243). All animals were housed at the Emory 

University Department of Animal Resources facility and all experiments were performed 

in accordance with the guidelines for the Care and Use of Laboratory animals under Emory 

University Institutional Animal Care and Use Committee approved protocols.  

 

In vitro peptide stimulation 

Splenocytes from naïve SMARTA mice were harvested, sorted on (FACS AriaII) or 

enriched for CD44lo CD62L+CD25- naïve CD4 T cells using the Stem Cell EasySep naïve 

CD4 T cell enrichment kit as per manufacturers’ protocols. Cells were then labeled with 

cell trace violet (CTV) (Thermofisher Scientific) according to manufacturer’s instructions 

at a more dilute labeling concentration of 1:10,000 (500 nM). As antigen presenting cells, 

splenocytes from B6 mice were first depleted of CD4 T cells using MACS CD4 T cell 

positive selection kit and plated with SMARTA T cells at a 1:5 ratio (1x105 SMARTA and 

5x105 CD4 depleted APCs) in a 24-well tissue culture plate. For dose-dependent activation 

conditions, 10-3, 1, and 10g/ml peptide and 1g/ml anti-CD28 antibody (Clone 37.51, 

ThermoFisher) was used to stimulate cells. For time course experiments 1g/ml peptide 

and 1g/ml anti-CD28 antibody were used to activate the cells. GP61-80 peptide 

(GLKGPDIYKGVYQFKSVEFD) was synthesized on a Prelude Peptide Synthesizer 

(Protein Technologies)). Cells were cultured for different time points (16hrs or 12, 24, 48, 

72 hours) at 37° C in T cell culture media and 5% CO2. T cell media contained RPMI 1640 
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(Mediatech), 10% heat-inactivated FBS (Hyclone), 10 mM HEPES buffer (Mediatech), 

2mM L-glutamine (Mediatech), 50μM 2-mercaptoethanol (2ME) (Sigma), and 100μg/ml 

gentamicin (Mediatech). 

 

TCR blocking, staining and quantification 

TCR blocking on naïve SMARTA CD4 T cells which have a V2V8.3 TCR (243) was 

performed using an anti-V2 APC antibody (Clone B20.1, eBioscience) at varying 

concentrations (0.008, 0.02 g/ml). Naïve CD4 T cells were first enriched from splenocytes 

of transgenic SMARTA mice (EasySept CD4 negative selection kit, StemCell) and 

incubated with the blocking antibody at 37° C for 30 min in T cell media at a cell density 

of 5x105 cells per 200 l. Cells were washed and stained with surface antibodies for 30 

minutes on ice in FACS staining buffer containing phosphate buffered saline (PBS) 

(Mediatech), 0.1% bovine serum albumin (BSA) (Fisher Scientific), and 0.05% sodium 

azide (Sigma). TCR expression (free/unblocked) was quantified using the anti-V2 PE 

antibody (Clone B20.1, eBioscience) and Quantibrite PE quantification beads (BD 

Biosciences). Surface staining was performed on ice for 30 minutes with anti-CD11b 

PerCP Cy5.5 (M1/70; BD), anti-CD11c PerCP Cy5.5 (HL3; BD), anti-CD19 PerCP Cy5.5 

(ID3; BD), 7AAD (BD), anti-CD3ε FITC (145-2C11; BD), anti-CD4 BV500 (RM4-5; 

Biolegend), and anti-CD8 V450 (53-6.7; Biolegend) antibodies along with the anti-V2 

PE antibody. Cells were washed and kept on ice until flow cytometry was carried out using 

an LSR II (Beckton Dickson). Using the FlowJo software (Tree Star), TCR MFI and 

Quantibrite PE quantification bead MFI were used per manufacturer instructions to 

determine the number of TCRs per cell.  
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Tetramer Staining 

CD4 enriched samples post TCR blocking or in vitro activation were stained with 4 μg/ml 

PE (blocking experiment) or APC (activation experiment) conjugated control IAb 

hCLIP103-117 or IAb GP66-77 tetramers acquired from the NIH Tetramer Core Facility at 

Emory University, Atlanta, GA. Labeling was done in T cell media at room temperature 

for 1 hour at a cell density of 1-2 x105 cells per 100 l. Cells were washed with cold buffer 

and surface stained on ice for 30 minutes prior to sample acquisition on a FACSVerse or 

LSRII flow cytometer. Antibodies used for surface staining included anti-CD25 FITC, anti-

CD28 PE, anti-CD11b PerCP Cy5.5 (M1/70; BD), anti-CD11c PerCP Cy5.5 (HL3; BD), 

anti-CD19 PerCP Cy5.5 (ID3; BD), 7AAD (BD), anti-CD3ε PE CF594 (145-2C11; BD), 

anti-PD-1 PE CY7 (29F.1A12; Biolegend), anti-CD44 AF700 (IM7; Biolegend), anti-

CD62L APC Cy7 (MEL-14; BD), cell trace violet (ThermoFisher), anti-CD4 BV510 

(RM4-5; Biolegend), anti-CD69 BV605 (H1.2F3; Biolegend), and anti-CD8 BV785 (53-

6.7; Biolegend). Data analysis was performed using FlowJo software (Tree Star).  

 

2D micropipette adhesion frequency assay (2D-MP) 

The relative 2D affinity of naïve and activated SMARTA cells was measured using the 

previously characterized 2-dimensional micropipette adhesion frequency assay (10, 41). 

In this 2D assessment, the frequency of adhesion between ligand (pMHC on human red 

blood cell (hRBC)) and receptor (TCR on T cell) carrying cells held on opposing 

micropipettes was observed using an inverted Zeiss microscope. The presence of 

adhesion was denoted by the interaction induced stretching of the highly flexible RBC 

membrane as the two cells were separated after an equilibrium contact time of two 
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seconds. To serve as a surrogate APC, the RBC was first biotinylated (Biotin-x-NHS; 

Calbiochem) then incubated with streptavidin (ThermoFisher) followed by the addition of 

biotinylated pMHC monomers (IAb GP66-77). T cell samples were enriched for CD4 T cell 

cells using EasySep mouse CD4 T cell negative selection kit (STEM CELL 

Technologies) per manufacturer recommendations whereas sorting was done on a 

FACSAriaII (BD Biosciences). To determine relative 2D affinity, 30 independent 2 

second contacts were tested per T cell to generate an adhesion frequency value (Pa(2s)). 

Cells exhibiting 100% adhesion were further resolved using lower pMHC densities until 

frequency values below 90% were obtained (79). The adhesion frequency was used to 

derive the relative 2D affinity of the cell with the following equation. AcKa = -ln (1-

Pa(2s)) / mrml  where mr and ml represent receptor (TCR) and ligand (pMHC) density per 

area (μm2), Pa(2s) is the adhesion frequency at the 2s equilibrium contact time, Ac is the 

contact area (kept constant) and AcKa is the 2D affinity (in μm4) (67). TCR and pMHC 

density per cell were determined using Quantibrite PE quantification beads (BD 

Biosciences) per manufacturer instructions and staining of TCR with anti-mouse anti-

V2 APC antibody (Clone B20.1, eBioscience) and MHC staining with anti-IA/IE 

antibody (M5/114/15/2; eBioscience) both at saturating concentrations. Calculations of 

molecules per area were done by dividing the number of TCR and pMHC per cell by the 

respective surface areas (hRBC 140 μm2, T cell - during assay-measured diameter of an 

individual T cell and the surface area equation of a sphere) (41). A total of ~20-80 cells 

were tested per sample with geometric mean affinity used for comparison. 
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2D Biomembrane force probe (BFP): force clamp 

Naïve and activated SMARTA TCR bond lifetime was measured using the previously 

characterized BFP force clamp assay (66, 72, 80). A variation on the 2D-MP assay, this 

assay evaluates single bond formation and dissociation events with and without applied 

force (55, 66). Low density pMHC coated beads attached to a hRBC membrane are used 

for antigen presentation. Thermal fluctuation, real-time imaging by a high-speed camera 

and image analysis software were used to track bead activity. These measurements were 

done with the force clamp assay where the T cell is clamped at a predetermined force 

until the bond ruptures (72, 80). Bond lifetime was measured as the clamp phase before 

bond rupture. Multiple bond lifetime measurments are obtained at different clamp forces 

to generate a force curve. 

 

Statistical analysis 

Statistical significance of measured values was determined with Ordinary-One Way 

ANOVA, Dunett’s multiple comparison test, using the Prism 7 Software (GraphPad). 

Statistical significance indicated as ns = no significance, * P > 0.05, ** P > 0.01, *** P > 

0.001, and **** P > 0.0001. 
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Results 

T cell activation decreases 2D affinity independent of antigen dose and TCR 

downregulation.  

Early T cell activation events introduce several cellular changes within the naïve CD4 T 

cell. Post in vitro activation, T cell synapse formation, receptor downregulation, 

upregulation of activation receptors and initiation of IL-2 production occur within the 

first 24 hours of antigen encounter (100, 101, 106, 107). Furthermore, TCR signaling and 

the extent of TCR downregulation and the ensuring functional response is dependent on 

the antigen dose (96, 100, 152). To determine how a combination of these activation 

conditions alter 2D affinity, we sorted CD4+CD44loCD25-CD69- naïve T cells from 

SMARTA transgenic mice and stimulated the cells in vitro with varying concentrations 

of GP61-80 peptide. CD4 depleted splenocytes (1:5 T cell:APC ratio) were used to present 

antigen and antibody ligation of CD28 was used for co-stimulation. At 16 hours post-

antigen encounter, the frequency of cells expressing the activation markers CD69 and 

CD25 (IL-2R) increased in a dose-dependent manner indicative of the degree of 

signaling events occurring under the different conditions (Fig. 1A) (126, 236, 244, 245). 

2D-MP measurements of T cell diameter confirmed T cell activation given all antigen 

doses led to an increase in cell size with high dose activation resulting in the largest 

measurement (Fig. 1B). The SMARTA TCR V2 specific antibody was used to quantify 

TCR downregulation, which followed a similar dose-dependent trend (Fig.1C) with TCR 

density per surface area varying accordingly (Fig. 1D). Therefore, as previously noted, a 

higher antigen dose (10g/ml) led to increased TCR internalization (103, 237, 246). 

Although low dose (1ng/ml) activation maintained TCR levels that were equivalent to 
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naïve cells, the activation status of this sample was evident based on CD69 and CD25 

expression as well as changes in cell size. Given the high sensitivity of T cells with as 

low as 1-25 pMHC leading to TCR signaling (111), it is interesting that the signaling 

required for TCR internalization is higher than what upregulates activation receptors. 

Previous observations of TCR reserves which work to maximize the effects of low dose 

antigen or low-affinity interactions indicate TCR downregulation or in this case, 

maintenance is tuned in response to antigen (247). The 2D-MP adhesion frequency of 

activated cells to the titrated concentration of pMHC on hRBCs demonstrated a 

difference between the naïve and activated cells (Fig. 1E). Taking into account 

TCR:pMHC densities and the resulting adhesion frequency, 2D affinity derivation 

demonstrated significant differences between naïve and activated cells (Fig. 1F). Of note, 

all activated samples had similar 2D affinities indicating the affinity change was 

independent of the activation dose used and the resulting differences in TCR 

internalization. This suggests the signal perceived with the low dose stimulation was 

sufficient to induce the decrease in 2D affinity. 

 

In the absence of antigen stimulation 2D affinity unchanged by alterations in TCR 

levels. 

Alterations in TCR expression have direct consequences for binding to pMHC tetramers 

and measured functional responses (29, 131, 141). To validate the observed decrease in 

2D affinity is independent of the degree of TCR downregulation and specific to the 

activation status of the cells, we set out to determine the effect of TCR density changes in 

2D affinity measurements of naïve cells. Naïve SMARTA T cells were incubated with 



 

 

86 

varying doses of the anti-V2 TCR antibody to block the number of TCRs that can 

interact with pMHC artificially varying the number of free receptors that can bind pMHC 

(248, 249). The same antibody conjugated to PE was used to quantify free receptors at 

the cell surface. Compared to untreated cells and CD4 T cells that lack V2 expression, 

the different concentrations of blocking antibody reduced the cell surface expression (Fig. 

2A) and density (Fig. 2B) of free receptors to varying degrees. The higher concentration 

antibody treatment blocked >80% of the receptors with TCR density comparable to what 

was noted for the high dose peptide stimulation (Fig. 1D) while the lower antibody 

concentration blocked ~60% of the receptors. Tetramer staining of the different samples 

demonstrated a TCR density-dependent effect with >80% reduction in TCR numbers 

leading to a significant decrease in the frequency of tetramer-positive cells (Fig. 2C). 

However, the 2D affinity of antibody treated and untreated samples was equivalent 

indicating this assay is less sensitive to TCR density changes (Fig. 2D). Thus, the 

observed changes in 2D affinity upon T cell activation did not occur as a result of TCR 

downregulation in the high dose stimulation. 

 

Recovery in 2D affinity coincides with cell division. 

To determine how TCR:pMHC affinity changes over the early days of T cell activation, 

we measured 2D affinity over12 and 24-hour increments for the first 3 days. We 

activated the cells with the lowest dose that resulted in TCR downregulation (1g/ml). As 

TCR upregulation is said to coincide with a return in functional responses, this dose 

allows for observations of TCR upregulation that might occur within this time-frame. 2D 

affinity was significantly reduced at 12 and 24 hours post activation with affinity 
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recovering to naïve levels at the 48-hour mark (Fig. 3A). Although some recovery in 

TCR cell surface expression occurs at this point (Fig. 3B), an accompanying increase in 

cell size (Fig. 1C) was also apparent. Thus, the combined effect maintained the initial 

reduction in TCR density observed at 12 hours post activation (Fig. 3D). This further 

confirms that 2D affinity changes can occur independently of fluctuations in surface TCR 

numbers. These data further confirmed the cellular mechanisms that modulate 2D affinity 

were not linked to signals that regulate TCR levels. Interestingly, tetramer staining of the 

different samples recovers in a similar manner although TCR density remains reduced 

and equivalent at all the activation time points (Fig. 3E). Although at the 12 and 24 hour 

time the observed decrease in tetramer staining could result from the synergistic effects 

of TCR downregulation and the mechanisms leading to 2D affinity reduction, the 

recovery in tetramer staining at the 48 and 72 hours likely results from the same events 

that return 2D affinity to naïve levels. These later time points mark ongoing cell division 

events as demonstrated by the cell trace violet dilution peaks (Fig. 3F). Hence with the 

start of cell division which in this case commences sometime between 24 and 48 hours, 

the associated cellular changes reinstate 2D affinity and for the most part tetramer avidity 

to naïve levels. Tetramer staining is affected by TCR numbers, cytoskeletal changes, and 

impaired endocytic pathways while minimal effects were seen with cholesterol depletion 

(250). Shared factors that affect 2D affinity, as well as tetramer staining, are actin 

polymerization inhibitors that alter cell cytoskeleton (latrunculin A, cytochalasin D) and 

cholesterol depletion agents (methyl--cyclodextrin and cholesterol oxidase) (41, 42). 

One or a combination of these factors could drive the observed decrease and recovery in 

2D affinity. 
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TCR:pMHC bond lifetime under force reveals a similar decrease and recovery post 

antigen stimulation. 

The BFP compared to the 2D-MP assay has capabilities that provide a high-resolution 

kinetic rate and interaction lifetime measurements at the level of single TCR:pMHC bond 

formation (72, 80). Making use of this sensitivity, we tracked bond lifetime changes with 

clamp force (Supplemental Fig. 1) under the same conditions that were during the 2D 

affinity analysis (Fig. 3). Increasing force measurements demonstrated an activation-

dependent modulation of peak bond lifetime and the optimal forces that resulted in this 

longest interaction (Fig. 4A). Naïve SMARTA T cells displayed a typical catch bond 

formation exhibiting their longest lifetimes at the 10pN force, with the application of 

lower and higher forces leading to suboptimal lifetimes (80-82, 124). In comparison, the 

12 and 24 hour time points demonstrated a reduction in bond lifetimes at all tested forces 

while recovery occurred at the 48 and 72 hours although the force that corresponded to 

the peak lifetimes was variable across the samples (Fig. 4A). A direct comparison of 

interaction times at 10pN force mimicked the observed 2D affinity changes albeit the 

lack of recovery at 48 hours and the reduced recovery at 72 hours which did not reach 

naïve levels (Fig. 4B). The 2D affinity changes for this latter phase was better represented 

in the 20pN force comparison which showed comparable lifetimes between naïve and 

activated cells (Fig. 2C). Of interest, previous characterization of cytoskeletal 

(latrunculin) and cholesterol (cholesterol oxidase) perturbations have demonstrated no 

effect on bond lifetime (71). 
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Discussion 

 

Analyzing the interplay between TCR and pMHC using methods that mimic the natural 

interaction context is critical in identifying parameters that modulate T cell function. 

Here, we used the 2D-MP and BFP assays  (39, 41, 42, 66, 190, 200) to measure the 2D 

affinity and bond lifetime of this receptor-ligand pair in the first few days after antigen 

encounter. Our findings revealed CD4 T cell activation in the first ~24 hours leads to a 

decrease in 2D affinity and bond lifetime with a recovery at ~48 hours coinciding with 

the start of cell division. Interestingly, these changes occurred independent of the antigen 

dose used for in vitro stimulation of SMARTA CD4 T cells and similarly, the associated 

TCR downregulation also had no role in the measured affinities and lifetimes. Although 

previous studies have identified the ability of monoclonal T cells to increase 2D affinity 

with parallel heightened functional responses (41, 70), our findings demonstrate the 

reverse can also occur with 2D affinity. This mechanism is possibly part of the “receptor 

desensitization” phase that allows T cells to undergo the initial rounds of activation-

induced changes and the first cycles of T cell division before being receptive to further 

signaling events. 

In the first 24-48 hours, a transient unresponsiveness is said to occur whereby T 

cell re-stimulation during this time results in diminished proliferation and cytokine 

production due to TCR downregulation (131, 236-239), Lck inactivity (251, 252) and 

high dose IL-2 exposure (253). Recovery occurs with the resetting of these mechanisms 

which transpire upon removal of antigen or TCR upregulation with time. Although our 

observed decrease in 2D affinity matches this time-frame, TCR affinity remained 

decreased and unchanged despite varying peptide concentrations and consequently the 
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degree of TCR downregulation. Furthermore, the recovery in 2D affinity which ensued in 

the absence of an increase in TCR density and the independence of 2D affinity on 

decreased TCR numbers all indicated the irrelevance of TCR downregulation on affinity 

changes. Previous analysis of Lck and its effects on 2D affinity have demonstrated 

blocking Lck activity had no effect on TCR:pMHC 2D binding affinity (30). CD8 role in 

the trimolecular interaction with TCR:pMHC was affected by Lck inhibition. However, 

given the minimal to undetectable contribution of CD4 to pMHC binding (28, 29), 

changes in Lck likely does not result in the measured SMARTA affinities. This suggested 

the decrease in affinity was likely precipitated by other cellular changes and not linked to 

previous observations of TCR desensitization mechanisms. 

 Known factors that alter 2D affinity have been observed with cholesterol-

depleting agents that result in cell surface membrane composition changes (41, 70). Upon 

activation and in preparation for cell division, T cells synthesize cholesterol and several 

lipids (241) while shutting down cholesterol catabolism and fatty acid oxidation in favor 

of glycolysis (242, 254, 255). Furthermore, an increase in lipid rafts and TCR 

organization into microdomains is among the cell surface changes that also accompanies 

T cell activation (256). A combination of these effects generally enhances T cell 

activation and functional responses thus leading to increased TCR affinity (70). While 

these changes can explain how 2D affinity is restored at 48 hours, it is unclear what 

precipitates the decreased 2D affinity in these similar settings. Certain lipids are also 

associated with the cell cytoskeleton which has a role in synapse formation, cell 

polarization and motility (241). Inhibition of actin polymerization using agents like 

latrunculin also leads to a reduction in 2D affinity as previously noted (41). However, as 
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T cell activation leads to synapse and signaling scaffold formation inhibition of actin 

activity is not expected during the early events. Furthermore, comparison of 2D-MP and 

BFP analysis has demonstrated actin and cholesterol inhibitors affect 2D-MP analysis but 

not BFP lifetime measurements (71). As 2D affinity and bond lifetime exhibit a similar 

decrease and recovery with time, mechanisms controlling the observed changes likely 

affect both measurements. Cell membrane composition and cytoskeletal changes 

encompass and integrate multiple synthesis and regulatory pathways. A comparison of 

these events between samples at < 24 and > 48 hours after activation should further 

clarify existing synergistic effects or any contribution cytoskeletal and lipid composition 

have on 2D affinity and bond lifetime. 

 The above-mentioned possibilities account for changes in the cellular 

environment and their effect on TCR:pMHC interaction. However, transformations in the 

TCR and the associated CD3-complex trigger these early activation events. One such 

aspect is the role of TCR as a mechanosensor which transmits surface interaction quality 

to the intracellular environment via conformational/allosteric changes (81, 240, 257). 

Conformational changes in the AB loop of TCR Cα transmit this binding signal while as 

a secondary event (22, 116, 117), this same region leads to TCR clustering (118). The 

rigidness in the TCR:CD3 complex as a whole makes it amenable to transducing the 

force generated by TCR Cβ FG loop pushing on the CD3 complex as a result of 

TCR:pMHC binding (24, 25). On the cytoplasmic end, CD3ε and ζ chains which at 

steady state are thought to be associated with the acidic phospholipids of the plasma 

membrane inner leaflet become accessible upon ligand-induced TCR-CD3 

conformational change (121, 122). Alterations in the acidic phosphatidylserine 
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concentration in the plasma membrane free the ITAMs for phosphorylation (123). 

Although transient, how these events are reset to pre-triggering conditions and their effect 

on subsequent antigen binding at later time points is unclear. 

 The decrease in 2D affinity and bond lifetime represents one interesting aspect of 

the data which can identify possible regulatory mechanisms that can be used to modulate 

the T cell response. However, another noteworthy characteristic of the TCR:pMHC 

interaction is the recovery that occurs not only for affinity and lifetime but also for 

tetramer staining which improves without any significant changes in TCR density. TCR 

clustering and lipid raft-associated changes can explain the increased binding to tetramer 

however as TCR numbers are expected to exert a dominant effect, re-examining tetramer 

binding parameters in these activation conditions can highlight another dimension of this 

interaction (61). 

The ability of cells to tune their functional response has long been characterized 

in monoclonal as well as the polyclonal responses (87, 137, 179, 258). T cell signaling 

changes have accounted for these functional maturation events with the cell surface 

interaction between TCR and pMHC is thought to be invariable. With assays like the 2D-

MP and BFP which can identify in situ changes, the dynamic nature and the resulting 

influence of TCR:pMHC interaction on functional outcomes is gaining increased 

recognition (70). Our work provides further evidence of cellular changes that fine-tune 

TCR:pMHC binding in-situ while an additional characterization of activation events and 

their effects on 2D affinity and bond lifetime will further delineate mechanisms that can 

be manipulated for future therapeutic purposes. 
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Figure 1. T cell activation decreases 2D affinity independent of antigen dose and 

TCR downregulation. (A) Representative flow plot showing CD69 and CD25 

upregulation on and activated SMARTA CD4 T cells at 16hrs post in vitro peptide 

stimulation (varying concentrations (g/ml)) with CD4 depleted splenocytes (1:5 ratio) in 

the presence of 1g/ml anti-CD28 antibody. (B) Bar graph with Mean + SEM of single 

cell T cell diameter measurements of activated cells in (A) using 2D-MP microscope 
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imaging. (C) Representative histogram plot depicting TCR downregulation on activated 

cells in (A). (D) Bar graph with Mean + SEM of single cell TCR density measurements 

of activated cells in (A). TCR numbers per cell calculated using MFI from (B) and 

divided by single cell surface area derived from cell diameter in (C) to calculate density. 

(E) 2D-MP adhesion frequency plot showing SMARTA single cell adhesion frequency 

measurements at the designated pMHC densities. (F) 2D-affinity of naïve and activated 

SMARTA from (A). Data representative of 2-3 independent experiments, with cells 

pooled from 2-3 mice during naïve cell sorting. Mean + SEM representative of 38-84 

single cell measurements. Statistical significance, ns = no significance, *** P > 0.001, (C, 

D, F) Ordinary one-way ANOVA Dunnett’s multiple comparison. 
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Figure 2. In the absence of antigen stimulation 2D affinity unchanged by alterations 

in TCR levels. Naïve SMARTA incubated with different concentrations of a blocking 

antibody targeting the SMARTA V2 chain. (A) A representative histogram with TCR 

staining post partial TCR blocking with different concentrations of the antibody. Staining 

of non- V2 cells shown a negative control. (B) Changes in the density of free TCR for 
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treated samples in (A). (C) A representative dot plot with tetramer staining of SMARTA 

T cells from (A-B). (D) 2D singe cell affinity of samples from A-C. Bar graph with Mean 

+ SEM of single cell TCR density and affinity measurements post TCR blocking. Data 

representative of 15-38 single cell measurements, 2-3 mice and 2 independent 

experiments. Statistical significance, ns = no significance, Ordinary one-way ANOVA 

Dunnett’s multiple comparison. 
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Figure 3. Recovery in 2D affinity coincides with cell division. (A) SMARTA 

activation time course with associated changes in 2D affinity. Cells activated with CD4 

depleted splenocytes (1:5 ratio) in the presence of 1g/ml GP61-80 peptide and 1g/ml 

anti-CD28 antibody and affinity measured at different hours post activation. (B) TCR 

numbers per cell calculated for samples in (A) using quantification beads and TCR 

staining MFI. (C) T cell diameter measurements of activated cells in (A) using 2D-MP 

microscope imaging. (D) Bar graph with Mean + SEM of single cell TCR density 

measurements of activated cells in (A). (E) MHC II tetramer staining of activated cells. 

(F) SMARTA T cell proliferation at the different time points tracked using cell trace 

violet dilution. Mean + SEM representative of 15-84 single cell measurements. Statistical 

significance, ns = no significance, ** P > 0.01, *** P > 0.001, **** P > 0.0001, (A-C, F) 

Ordinary one-way ANOVA Dunnett’s multiple comparison.   
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Figure 4. TCR:pMHC bond lifetime under force reveals a similar decrease and 

recovery post antigen stimulation. SMARTA activation time course with associated 

changes in 2D bond lifetime. (A) Curves depicting changes in bond lifetime with 

increasing force. A comparison of TCR:pMHC interaction lifetime at (B) 10pN and (C) 

20pN force. Bar graphs with Mean + SEM (B, C) representative of a minimum of 30 

independent lifetimes. Statistical significance, ns = no significance, ** P > 0.01, *** P > 

0.001, **** P > 0.0001, (B, C) Ordinary one-way ANOVA Dunnett’s multiple 

comparison. 
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Supplemental Figure 1. The biomembrane force probe assay. The sequence of T cell 

and bead/RBC interaction (left) that can lead to the recording of bond formation, bond 

rupture or bond lifetime under force using software analysis of the bead position (through 

pixel/intensity of the line drawn across the bead and RBC border (black)) during the 

different events. Gray dotted line showing changes in the bead position during the 

multiple events (left). 



 

 

100 

Chapter 4: Discussion 

 

 As the gateway into the T cell response, TCR recognition of pMHC and the 

biophysical and kinetic interaction parameters that predict the collective set of 

characteristics that define an optimal T cell response have been the target of several decades 

of work. Multiple avenues of inquiry have culminated in the current outlook which 

highlights the need for assessing this interaction in situ with TCR on a T cell and pMHC 

two-dimensionally restricted to an opposing cell membrane (41, 42). The emerging views 

on TCR as a mechanosensor also underscore the need to evaluate TCR:pMHC binding in 

2D and with force simulating conditions (72, 80-82, 234). However, radio-ligand binding 

assays (3D), SPR (3D), pMHC tetramer/oligomers (3D), and mechanical (2D-MP, BFP) 

or fluorescence-based (FRET) 2D methods have all been employed to study this interaction 

over the years with each assay having its strengths and weaknesses and applicability to 

monoclonal or polyclonal TCR studies. The consensus data from one or more of these 

assays predominantly identify affinity or half-life/off-rate as the parameters that best 

correlate to T cell function, memory formation and thus long-term survival (3, 41, 72).  

The evaluation of TCR:pMHC affinity and half-life in the polyclonal response to 

infection have the potential to distinguish these parameters as predictors correlating to an 

efficacious CD4 T cell response. Of the currently available assays, 2D-MP is the one 

method that combines the ability to detect frequency, single cell 2D affinity/kinetic rates 

of varying ranges and can be used with polyclonal T cell samples (10, 41, 72, 75, 78). 

Previous 2D-MP measurements not only have demonstrated this sensitivity but also a 

correlation to T cell function (41, 72). These assets made 2D-MP the best candidate for re-

examining the decades-old questions of what affinity ranges exist in the pathogen immune 
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repertoire, how it evolves through the distinct phases of the T cell response, what affinities 

correlate to sterilizing immunity/protection in acute and chronic infections. Combined with 

the 2D-MP, the LCMV acute and chronic infection model provided the best setting for 

making these comparisons.  

In the context of current knowledge, our findings highlight and confirm several 

aspects of TCR affinity and its co-evolution with functional responses under acute and 

chronic antigen exposure. Based on the work by Martinez and authors, at the naïve state 

polyclonal LCMV GP66-77 specific CD4 T cells at the least start with a 1:3 high (tetramer+) 

to low (tetramer- (2D+)) affinity frequency bias at the population level (250) (model 

Fig.1A). As current methods do not allow isolation of both high and low-affinity cells in 

the naïve state, the single cell affinities represented in this precursor pool is unknown. Upon 

LCMV infection, both acute and chronic infection antigen-specific CD4 T cells expand 

and contract resulting in a similar frequency of high and low-affinity antigen-specific cells 

at peak (day8) (1:3-4 ratio) and post-antigen clearance (day120) (1:7 ratio). At early 

memory in Armstrong (day 35) (1:5 ratio) and the chronic stage in CL13 (1:2 ratio), low-

affinity cell numbers differed between the two responses. The frequency data was reflected 

in the geometric average of all the measured single cell affinities of each population. Day 

8 and day 120 average affinities were equivalent whereas day 35 exhausted cells had a 

higher affinity than their Armstrong memory counterparts. However, single cell affinity 

measurements showed a similar >1000-fold affinity range across all samples and time 

points.  

One notable finding that is contrary to popular notion, but supported by other 

studies (259), is the lack of affinity maturation or high-affinity cell enrichment at memory. 
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Affinity peaks with the T cell response and contracts with memory. This trend is also true 

for chronic infection although the kinetics differ in parallel with the antigen load. Earlier 

observations with tetramer and functional avidity assays have indicated that memory and 

secondary challenge confers affinity maturation, enriching for high-affinity cells (56, 86, 

142, 143, 179). Antigen confers the presence of a larger high-affinity cell population 

relative to naïve and memory (185). Based on monoclonal TCR studies, a spectrum of high 

to low-affinity interactions can expand to antigen, form memory and respond to re-

challenge indicating the immune response accommodates multiple affinities (4, 52). 

However, expansion size differences indicate high-affinity interaction accumulates a larger 

number of cells and by this virtue, memory should be dominated by higher affinity cells. 

Unlike the polyclonal system where all affinity interactions are represented within the same 

host and multiple TCR species tracked, mechanisms that confer advantages to a lower 

affinity cell over a high-affinity clone may be missed in such monoclonal TCR models. 

Two reported mechanisms that work to ensure low-affinity representation are antigen 

presentation by B-cells (185) and co-stimulatory receptors such as the CD27-CD70 

pathway (93, 143, 232). Our analysis of these two mechanisms did not show a clear 

correlation to low-affinity maintenance but further investigation is needed.  

The idea of chronic infection maintaining a similar affinity diversity as an acute 

response is also one novel aspect of our findings. Although observations in the Friend virus 

model also suggested a similar antigen-dependent peak and decline in affinity, it was 

unclear if the phenomenon was specific to a protracted infection setting (185). The reduced 

functional avidity and frequency of polyfunctional T cells in the CL13 environment do not 

reflect the intact acute infection equivalent 2D affinity of the repertoire. Profiling of 
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antigen-specific (tetramer +) exhausted cells as compared to naive and memory cells has 

demonstrated under chronic conditions, CD4 T cells undergo genetic reprogramming with 

alterations to multiple pathways (168, 169). Some of these include cytokine production, 

inhibitory molecules, regulation of cell proliferation, apoptosis and metabolism. Assuming 

these observations also extend to tetramer-negative cells, these profiles indicate the 

immune response enforces functional regulation and creates similar transcriptional profiles 

in high and low-affinity cells formulating adaptability to the chronic environment. The 

emergence of more TFH like cells (170) and the shift towards more IL-21 production (260) 

providing aid to humoral and CD8 T cell responses is one such aspect of this 

reprogramming. Despite the presence of antigen, the expansion and contraction kinetics 

that are similar to the acute environment also depict the regulation on cell cycle and 

proliferation which limits antigen-specific cell numbers (168, 169). The advantages of 

maintaining a diverse affinity repertoire have previously been highlighted with regards to 

providing protection against viral variants (93, 150). In the clinical setting, the 

programming of exhausted cells and their redirected functions still confer protection in 

HIV and HCV infections targeting viral variants. The absence of such cells leads to 

increased viremia indicating that these cells serve a purpose despite their exhausted 

phenotype (210). Our data confirm the immune response maintains TCR affinity diversity 

in a chronic infection similar to what exists during an acute response likely to provide 

protection against viral variants. 

The emerging model from other previous findings and our observations here 

indicates an affinity independent recruitment of antigen-specific cells during infection.  

More specifically, high-affinity T cells do not have an advantage over the lower affinity 
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TCRs in the population. Based on the methods used to identify naïve precursors (tetramer 

and LDA isolated cells with their affinity measured using the 2D-MP) the starting 

population affinity for this epitope likely falls at or above the 2D-MP lower detection limit 

of 10-7 and the upper limit of 10-2 based on up-to-date measured affinities of tetramer-

positive T cells (model Fig. 1A). Given the similar range observed in the expanded 

population in both the acute and chronic infection setting, it follows that all cells are 

recruited into the immune response regardless of affinity. However, it is unclear if 

precursors with affinities below this range are missing from these assessments due to the 

detection limit of the employed assays. Affinities that confer thymic positive selection fall 

within this detection range while self-antigens that provide tonic signaling for T cell 

homeostatic survival in the periphery have yet to be measured, but are also thought to be 

similar to the positive selecting ligands (2). Hence, as proposed in some studies an affinity 

threshold could exist (143) with T cells exhibiting 2D affinity of 10-7  and above possessing 

the ability to expand with antigen. Upon expansion, the initial hierarchy of the low-affinity 

dominated naïve population shifts to a high-affinity peak T cell response regardless of acute 

(model Fig. 1B) or chronic (model Fig. 1C) antigen exposure. However, the difference in 

two environments leads to differential regulation of overall cell numbers independent of 

affinity. This indicates the presence and absence of inhibitory receptors and other 

regulatory mechanisms does not alter TCR affinity distribution and solely works to limit 

other aspects of the T cell response. Hence, at the chronic stage, T cell numbers contract 

despite antigen being present (day 35) and interestingly antigen clearance leads to a similar 

affinity ending point for both responses (model Fig. 1D) returning the population to the 

similar low-affinity favored population observed in the naïve repertoire. This is achieved 
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either through the increased expansion of high-affinity T cells at the peak of the response 

followed by they increased contraction (226) relative to the low-affinity population which 

at the same time might exhibit decreased contraction or a favored late expansion (185). Our 

previous published and unpublished data with CD4 T cells in Friend virus infection (185) 

and CD8 T cell responses in Influenza X31 and LCMV infection (unpublished) 

demonstrate a similar decline in T cell affinity at memory highlighting this environment 

independent differential behavior of high and low-affinity T cells. This suggests potential 

T cell inherent and extrinsic regulation that modulates antigen-specific T cell frequency 

independently or in cooperation with TCR affinity.  

Tetramer half-life measurements did not show a difference between the two 

populations confirming the population similarity identified with 2D-MP. Tetramer avidity 

analysis did not complement half-life nor 2D affinity measurements likely due to 

confounding factors related to T cell activation changes which included TCR 

downregulation, cell surface and cytoskeletal changes (41, 42). Interestingly, gene 

profiling has identified the latter two elements as potential points of differences between 

memory and exhausted cells (169). In both the acute and chronic infection, the overall or 

high only polyclonal affinity data did not reflect the functional avidity maturation observed 

in both responses and the increased functionality (EC50) of memory cells over exhausted 

cells. As several mechanisms including changes in TCR signaling machinery and antigen 

dose have been implicated in manipulating functional avidity independent of TCR affinity 

our findings are in line with such observations (87, 89, 90, 179, 180, 228).  

The lack of correlation between 2D affinity/tetramer half-life and T cell function in 

both infections suggested other TCR:pMHC interaction behaviors known to predict T cell 
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behavior might be at play. Although the overall immunosuppressive environment 

(inhibitory receptors, regulatory cells) could explain the dissociation between 2D affinity 

and T cell function in the chronic response, CD4 memory T cells in an Armstrong infection 

also show a similar lack of correlation between affinity and function. Although tetramer 

half-life has previously been correlated to T cell function for monoclonal T cells in this 

same model (60), our polyclonal data does not demonstrate this parameter as the selection 

factor that correlates with memory formation and increased functional avidity. The 

emerging views that demonstrate the TCR as a mechanosensor that discriminates ligands 

in a tensile force-dependent manner introduce the need to assess this interaction under such 

conditions (72, 80-82, 240). BFP analysis of bond lifetime under force is the next potential 

parameter that can differentiate acute and chronic infection responding T cells and better 

correlate to T cell function. 

The average 2D affinities measured over the course of each LCMV infection 

reflects affinity changes at the population level but it is unclear if longitudinal tracking of 

the same TCR/monoclonal population would show variation. The stable affinity range 

observed across time points indicates T cell frequency changes and less likely altered single 

cell affinity lead to the measured decline in 2D affinity. The time point dependent increase 

in the 2D detected frequency over tetramer supports this observation. In monoclonal T cells 

that express a fixed TCR, 2D affinity increases have been reported (41, 70) indicating the 

activation status and anatomical location of the T cell can confer an enhanced recognition 

of cognate pMHC. SMARTA CD4 T cells (10K) transferred into B6 hosts that were later 

infected with Armstrong or CL13 showed a similar affinity when comparing peak effectors 

in the two infections and were also equivalent to their starting naïve 2D affinity 
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measurements (data not shown). This suggested 2D affinity was fixed in this model 

although a comparison of antigen clearance time points is needed for definitive 

conclusions. However, a 2D affinity decline was yet to be identified.  

To characterize how activation alters 2D affinity and bond lifetime at the 

monoclonal/single TCR level, we tracked in vitro activated SMARTA transgenic T cells 

in the first few days of antigen encounter, a refractory time-frame in which TCR re-

stimulation results in a diminished functional response. SMARTA 2D affinity and bond 

lifetime demonstrated a significant decrease at 12-24 hours post activation whereas 48-72 

hours returned 2D affinity to naïve levels. Bond lifetime recovered with a similar trend 

although not to naïve levels. These changes were independent of TCR downregulation and 

peptide dose with recovery occurring with the onset of cell division. Previous observations 

have revealed alterations in cholesterol and actin polymerization as the cellular changes 

that affect 2D affinity (41, 42). Conversely, using the same inhibitors had no effect on bond 

lifetime measurements under force (71). The lack of agreement between these findings but 

the similarity in the decline and recovery trend in both measurements suggested the role of 

a novel contributor.  

Upon TCR stimulation, T cells undergo several changes with notable modifications 

made to proximal and distal signaling modules (261) and more interestingly, the possible 

effects of  TCR triggering which takes into account all the proposed models of TCR 

clustering, kinetic segregation, and conformational changes (109). Other modifications 

include the upregulation and downregulation of costimulatory and regulatory receptors, the 

changes in metabolic (123, 130, 242, 254) pathways, and alterations in protein and lipid 

synthesis (241). Combinations of these changes which alter T cell membrane, cytoskeleton 
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and TCR proximal proteins like the CD3 and Lck, can lead to changes in 2D affinity and 

bond lifetime. A systematic approach that identifies the cause of this decrease in 

TCR:pMHC should identify possible regulatory mechanisms that can be employed to alter 

the interaction as necessary towards beneficial outcomes. 

Our findings both in the polyclonal and monoclonal study address questions 

regarding the fundamental nature of TCR:pMHC interaction and its influence on a T cell’s 

biological response. Although affinity and bond lifetime can predict the functional 

behavior of T cells in general, context-dependent alterations within the T cell and extrinsic 

regulation that can alter this interaction can modulate T cell function. Further 

understanding of the singular and synergistic effects of intrinsic and extrinsic regulators 

and TCR:pMHC interaction will inform context dependent therapeutic avenues. 



 

 

109 

 
 

Figure 1. Polyclonal CD4 T cell 2D affinity evolution. (A) Estimated affinity distribution 

of naïve antigen precursor T cells detected by current methods (black histogram -Tetramer 

and LDA) and the possible method independent full repertoire (green shaded histogram). 

Relative frequency of high (tetramer+) and low (LDA+ tetramer-) affinity T cells separated 
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by the 2D affinity cutoff for tetramer binding (red line). Average population affinity (blue 

line) and distribution unknown. (B) Measured average 2D affinity of the antigen expanded 

population and observed frequency distribution of high and low-affinity cells at peak T cell 

response in acute and (C) chronic infection. Below, depiction of frequency/number 

indicated relative expansion of antigen-specific T cells, with expansion numbers limited in 

the inhibitory chronic stimulation environment. (D) A similar average affinity and 

distribution in acute and chronic infection after antigen clearance. 
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