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Abstract
Changes in the peptide and MHC molecules have been extensively examined for how they alter T
cell activation, but many fewer studies have examined the TCR. Structural studies of how TCR
differences alter T cell specificity have focused on broad variation in the CDR3 loops. However,
changes in the CDR1 and 2 loops can also alter TCR recognition of pMHC. In this study we focus
on two mutations in the CDR1α loop of the TCR that increased the affinity of a TCR for agonist
Hb(64-76)/I-Ek by increasing the on-rate of the reaction. These same mutations also conferred
broader recognition of altered peptide ligands. TCR transgenic mice expressing the CDR1α
mutations had altered thymic selection, as most of the T cells were negatively selected compared
to T cells expressing the wildtype TCR. The few T cells that escaped negative selection and were
found in the periphery were rendered anergic, thereby avoiding autoimmunity. T cells with the
CDR1α mutations were completely deleted in the presence of Hb(64-76) as an endogenous
peptide. Interestingly, the wildtype T cells were not eliminated, identifying a threshold affinity for
negative selection where a 3-fold increase in affinity is the difference between incomplete and
complete deletion. Overall, these studies highlight how small changes in the TCR can increase the
affinity of TCR:pMHC but with the consequences of skewing selection and producing an
unresponsive T cell.
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1. Introduction
TCR:pMHC complex formation needs to exceed a specific binding energy to achieve a T
cell response (Davis-Harrison et al., 2007; Gakamsky et al., 2004; Garcia et al., 2001; Holler
and Kranz, 2003; Krogsgaard et al., 2003). Structural changes in the TCR are often required
to form a stable TCR:pMHC complex, but it is not clear if such conformational changes are
necessary for productive signaling through the TCR (Borg et al., 2005; Burrows et al., 2010;
Davis et al., 1998; Holler and Kranz, 2004; Qi et al., 2006). It has long been known that the
variable CDR loops form the binding footprint for TCR to contact the pMHC complex
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(Garcia et al., 1999; Huseby et al., 2006). More recently it has been proposed that the TCR
maintains germline-encoded affinity for MHC by interactions between key residues on the
MHC helices and CDRs 1 and 2 (Adams et al., 2011; Marrack et al., 2008). CDRs 1 and 2
differ in the V gene segments, and it has been shown that introduction of mutations in these
CDR loops can result in generation of high affinity TCRs (Chlewicki et al., 2005; Manning
et al., 1999), potentially as a consequence of an optimal binding conformation or enhanced
TCR:pMHC stability (Adams et al., 2011; Burrows et al., 2010; Dai et al., 2008; Holler and
Kranz, 2004; Willcox et al., 1999).

The TCR has inherent specificity for an agonist peptide but can retain binding to some
variants of the agonist (Kersh and Allen, 1996). The strength of recognition of an altered
peptide ligand (APL) regulates the level of T cell response (Evavold et al., 1992). Some
TCR flexibility is critical during T cell development in the thymus as it ensures recognition
of foreign antigens during an infection in addition to self peptides during selection. While
flexible recognition of pMHC is advantageous, highly promiscuous T cells can
inappropriately recognize self-peptides and cause autoimmune disease (Basu et al., 2001;
Garcia et al., 2001). Therefore, it remains important to understand the process by which a T
cell discriminates between peptides to generate a productive and appropriate immune
response.

There is an affinity continuum of a TCR for endogenous pMHC that regulates selection of T
cells in the thymus (Daniels et al., 2006). For T cells to be selected, they must have
sufficient affinity for endogenous pMHC above the threshold for positive selection but
below the threshold for negative selection (Hogquist and Bevan, 1996; Kosmrlj et al., 2008).
A complex set of distinct signals regulates positive and negative selection (Alberola-Ila et
al., 1996; Gascoigne and Palmer, 2011), tuning T cell responsiveness in the periphery.
Negative selection results in apoptosis of T cells that are highly responsive to self pMHC in
the process of central tolerance (Klein et al., 2009; Williams et al., 1999). While the
majority of self-reactive T cells are deleted to generate central tolerance, it is thought that
regulatory T cells can develop from these self-reactive, high affinity TCRs (Yu et al., 2008).
Treg development is not merely a consequence of a high affinity TCR, as specific
environmental cues and TCR sequences may also be required (Bautista et al., 2009; Lathrop
et al., 2008).

Negative selection is an incomplete process and some high affinity T cells escape to the
periphery where they can cause autoimmune disease (Zehn and Bevan, 2006). While failure
to eliminate these cells breaks mechanisms of central tolerance, a back up system is in place
to prevent autoimmunity. Potentially autoreactive T cells can be rendered unresponsive to
antigenic stimulation (De Boer et al., 2003) or deleted in the periphery to establish
peripheral tolerance (Williams et al., 1999). Anergy, a state of hyporesponsiveness
characterized by low IL-2 production and inhibited proliferation (De Boer et al., 2003), has
been induced in naive T cells through lack of costimulation (Schwartz, 1996), and exposure
to APLs (Evavold et al., 1993; Klein et al., 2009; Sloan-Lancaster et al., 1993). Anergized T
cells downregulate TCR and costimulatory receptors to maintain the hyporeactive state.
Because of the dual role of the TCR:pMHC interaction in selection and activation, the
propensity for T cells to undergo tolerance may be set in the thymus by the affinity of the
expressed TCR for self pMHC.

To understand how slight structural changes affect T cell development and sensitivity, we
used a system that compares two TCRs recognizing the same cognate antigen, Hb(64-76)/I-
Ek. In the mouse, the Hb protein exists in two naturally occurring allelic variants, Hbd and
Hbs, such that T cells can develop normally in Hbs strains and be reactive to cells from Hbd

mice. The n3.L2 TCR was generated against the Hbd allele of the (64-76) peptide (Evavold
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et al., 1992). We previously generated a series of mutants of the n3.L2 TCR using a yeast
display system (Weber et al., 2005). These mutants were selected for increased surface
stability on yeast or increased binding to Hb(64-76)/I-Ek. Mutations selected for increased
affinity to Hb(64-76)/I-Ek were generated in the CDR3 of the n3.L2 TCR. Surprisingly, one
mutant, called M2, which had two mutations in the CDR1α loop (K25E and T28S), was
selected only for increased surface levels on yeast and not for increased affinity, yet it
exhibited an increase in affinity. Here we verify that the two CDR1α mutations in M2
resulted in a 3.7 stronger affinity due to a faster on-rate, as measured by surface plasmon
resonance. We generated and used hybridomas and transgenic mice expressing the n3.L2
and M2 TCRs to determine how such a moderate change in the CDR1α loop could alter
TCR specificity. The M2 TCR has a broader and more sensitive response to altered peptide
ligands of the Hb(64-76) peptide. In addition, the M2 TCR has a stronger association with
the I-Ek molecule, relying solely on contacts with the MHCIIβ chain for pMHC recognition.
As a consequence of these changes, T cell selection in the thymus was also altered. M2 T
cells were negatively selected at a higher rate and completely eliminated when exposed to
Hbd(64-76) as self antigen. Interestingly, the few peripheral M2 T cells that escaped
negative selection were rendered anergic. These studies show how subtle changes in the
TCR structure that modestly increase the TCR:pMHC affinity can have a profound effect on
T cell development and activation.

2. Materials and Methods
2.1 Mice and cells

In addition to the new mouse line described below, n3.L2/B6.K TCR transgenic mice, B6.K,
Rag1−/−, and Hbd congenic mice were used in these studies. The n3.L2/B6.K mouse was
previously generated in the laboratory (Kersh et al., 1998) and was crossed to the Rag1−/−

and separately to the Hbd mice for the studies presented in this manuscript. All mice were
bred and maintained in a pathogen-free barrier facility within Washington University in St
Louis following a protocol approved by and in accordance with guidelines from the
Washington University Division of Comparative Medicine. In addition to the new
hybridoma cell lines described below, CH27 B cells were used to as antigen presentation
cells in some of the hybridoma response experiments. CH27 cells were maintained in RPMI
+ 10% FCS + 1% L-glutamine + 5×10−5M β-2-mercaptoethanol + 0.5% gentamycin at 37°C
and 5% CO2.

2.2 Generation of the M2 TCR transgenic mouse line
The M2 mouse was generated using the method described for the n3.L2 mouse (Kersh et al.,
1998). The n3.L2 V-Jα plasmid was mutated by PCR to express the two amino acid changes
in the M2 CDR1α chain. The M2α chain was cloned into the TCR shuttle vector. TCRα
and β minigene constructs were coinjected into C57Bl/6 pronuclei in the Washington
University Department of Pathology and Immunology’s Transgenic Core Facility.
Transgenic mice were identified by PCR amplification of the M2α and β transgenes from
tail DNA. Expression of the M2α chain was confirmed by sequencing the founders’
genomic DNA. One founder expressed both the M2α and β transgenes and was bred to the
B6.K strain to provide the selecting MHC. Peripheral CD4 T cells in the M2/B6.K mouse
stained with the clonotypic antibody, CAb. M2 and n3L.2 mice were further crossed to a
Rag-1−/− background producing n3.L2/B.6K/Rag1−/− and M2/B6.K/Rag1−/− mice. M2/B6.K
mice were also crossed to Hbd congenic mice. Mice were used at 4-8 weeks of age in these
studies, unless otherwise noted. All mice were bred and maintained in a pathogen-free
barrier facility within Washington University in St Louis following a protocol approved by
and in accordance with guidelines from the Washington University Division of Comparative
Medicine.
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2.3 Flow cytometry
Antibodies used in flow cytometry are commercially available except for the CAb antibody,
which was previously generated in the laboratory. CAb is a clonotypic antibody for the
n3.L2 TCR. CAb was conjugated with AlexaFluor-647 using an antibody conjugation kit
(Invitrogen). FITC-, PE-, PE-Cy7-, PerCP-, APC-, APC-Cy7-, Pacific Blue-, and Pacific
Orange-labeled antibodies were used in various combinations. Intracellular labeling of
FoxP3 was performed using a kit from eBioscience. Cells were permeabilized and fixed for
30 minutes followed by washing with permeabilization buffer and antibody labeling with
PE-anti-FoxP3. Data collection was performed using a BD FACSCalibur, a FACSCanto,
and a customized FACSLSR II. Data analysis was performed using FlowJo software.

2.4 Generation of n3.L2 and M2 hybridomas
n3.L2 and M2 TCRα and β chains were cloned into a p2A retroviral vector with an IRES-
GFP tag (pMIIG) developed by the Vignali lab (Holst et al., 2006), which places the α and β
chains as a single polypeptide linked by the p2A peptide. No stability mutations were added
into the sequence. The 2A peptide (p2A) is cleaved posttranslationally, ensuring equal
expression of the α and β chains and resulting in efficient expression of transduced αβ
TCRs. PlatE cells were transformed with lipofectamine + 30μg plasmid DNA. Supernatants
from PlatE cells containing packaged retrovirus were used to spinfect the 58 α−β− CD4+

hybridoma cell line. M2 and n3.L2 expressing hybridomas were generated simultaneously,
sorted for comparable high GFP expression, and equal expression of the n3.L2 and M2
TCRs. Cells were sorted a second time to generate a population with stable TCR expression.
Equivalent expression levels of CD3, CD4, and TCR between n3.L2 and M2 hybridomas
were confirmed by flow cytometry. Surface TCR levels were assessed with CAb, Vβ8.3,
and H57. Hybridomas were cultured in RPMI + 10% FCS + 1% L-glutamine + 5×10−5M
β-2-mercaptoethanol + 0.5% gentamycin at 37°C and 5% CO2.

2.5 T cell IL-2 production and proliferation assays
To assess T cell hybridoma responses, 5×105 hybridomas were cultured overnight at 37°C
5% CO2 in wells of a 96-well plate with 2×104 CH27 B cell APCs and varying
concentrations of the Hb(64-76) peptide or APLs from 0.0001-100μM. Peptides were
synthesized in the lab and purified by HPLC prior to use. 18-20 hrs after culture,
supernatants were assayed using an IL-2 ELISA. Briefly, IL-2 was captured using an anti-
IL-2 antibody (BioXCell) and detected with a second, biotinylated anti-IL-2 antibody
(BioLegend). Biotin-labeled IL-2 was detected by a streptavidin conjugated horseradish
peroxidase antibody (Southern Biotech) followed by TMB substrate for accurate detection
of 5-500 pg/mL of IL-2 (1-step Ultra TMB ELISA, Thermo Scientific). After stopping the
reaction with 2M sulfuric acid, absorbance was read at 450nm. Absorbance levels were
converted into amount of IL-2 based on a regression analysis of IL-2 standards using
GraphPad Prism (GraphPad Software). For the APL studies, the amount of peptide required
for 50% maximal IL-2 production (EC50) was calculated to determine relative levels of
activation. For other experiments, the maximal IL-2 production and minimum stimulatory
dose were compared.

For isolated T cell stimulation, single cell suspensions were made from pooled lymph nodes
and spleen from transgenic mice. CD4+ cells were isolated by negative selection using
Miltenyi CD4 II isolation kit (Miltenyi Biotec). Non-CD4+ cells were depleted by binding to
a Miltenyi AutoMACS column. Purity was tested by flow cytometry analysis for percent
CD4+ CAb+. To account for minor variations in the purity between n3.L2 and M2 isolation,
cell numbers were normalized to the percent CD4+ CAb+ cells to ensure the same number of
specific CD4 cells were plated in each well of the IL-2 or proliferation assays. 1×105

specific CD4 cells were plated in IMDM + 10% FCS with 5×105 irradiated B6.K
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splenocytes and varying concentrations of peptides. IL-2 production was measured as
described. To measure proliferation, CD4 T cells were isolated and cultured as in the IL-2
production assay. After 72 hrs in culture at 37°C 5% CO2, each well was pulsed with
0.4μCi 3H thymidine and maintained in culture for an additional 24 hrs. Plates were then
harvested and measured for 3H thymidine incorporation.

2.6 I-Ek Ig dimers
I-Ek dimers were produced in Drosophila S2 cells, as previously described (Masteller et al.,
2003). The I-Ek dimers have some weakly bound peptide that can easily be exchanged in
vitro making them ideal for stimulation of T cells with specific pMHC complexes. Amino
acid residues chosen for mutagenesis were located on the top of the MHCII α and β helices
as potential TCR contact residues. To generate mutant I-Ek dimers, mutations were
introduced into I-Ek constructs at one of 4 MHCIIα and 3 MHCIIβ residues chosen from a
subset of mutants expressed in CHO cells (Felix et al., 2007). Wildtype and mutant I-Ek-Ig
dimer constructs were transfected into Drosophila S2 cells. Dimers were isolated from
culture supernatants by binding to Protein A. Dimers were exposed to acidic pH to remove
the endogenous, weakly binding peptides and maintained in excess amounts of soluble
peptide to substitute the desired peptide into the peptide binding groove. To assay the
TCR:pMHC binding footprint, 96 well plates were coated overnight with Hb(64-76)-loaded
I-Ek Ig dimers. After 20 hrs, plates were washed to remove unbound dimer, hybridomas
were added, and activation was assayed using IL-2 production as described above.

2.7 Surface Plasmon Resonance
We used established lab protocols to measure binding affinities for n3.L2 and M2 single
chain TCR (scTCR) to Hb(64-76)/I-Ek (Weber et al., 2005). 2500-3000 response units of
Hb(64-76)-loaded I-Ek Ig dimers were directly coupled to a CM5 sensor chip by amine
coupling. Previously, refolded Hb(64-76)/I-Ek was generated from E. coli inclusion bodies
for use in surface plasmon resonance studies. Both ligands were tested in this system and the
affinity measurements were the same using either the refolded monomer or Ig dimer and
maintained a 1:1 TCR:MHC binding ratio ((Persaud et al., 2010), data not shown). Data
presented are based on measurements obtained using only peptide loaded I-Ek dimers.
Refolded, soluble single chain n3.L2 or M2 TCR (Vα-linker-Vβ) (Holst et al., 2006; Shusta
et al., 1999) was purified by fast protein liquid chromatography (FPLC), concentrated in
PBS, and injected over flow cells with coupled I-Ek at a rate of 30μL/min. scTCR was
injected in duplicate at increasing concentrations from 0-100μM at 25°C. Moth cytochrome
C peptide loaded I-Ek was used as a negative control for binding. Moth cytochrome C
sensograms were subtracted from experimental Hb/I-Ek sensograms to eliminate nonspecific
binding artifacts. Measurements were performed using a Biacore 2000. BiaEval version 4.1
software (Biacore AB) was used to generate 1:1 Langmuir models of sensograms to
determine KD, koff and kon. The Langmuir model was adjusted until a Chi2 value below 50
was obtained, indicating the best approximation of data. KD values were confirmed by
Scatchard analysis using GraphPad Prism (GraphPad Software). Statistical significance was
measured by Student’s t-test for differences between n3.L2 and M2 parameters.

3. Results
3.1 CDR1α mutations increase the affinity of TCR:pMHC through a faster kon

The n3.L2 TCR is specific for the Hbd(64-76) peptide presented on the I-Ek MHC class II
molecule (Evavold et al., 1992). Previously, the n3.L2 receptor was mutagenized using a
yeast display system to generate a series of higher affinity mutants (Weber et al., 2005).
Mutants were isolated for enhanced stability measured by increased surface levels on yeast.
One TCR mutant, M2, contained two point mutations in the CDR1α chain (K25E and
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T28S). Although it had not been selected for higher affinity binding to Hb(64-76)/I-Ek, M2
was shown to have several fold improved affinity over the n3.L2 TCR. Soluble single chain
TCR molecules (Vα-linker-Vβ; scTCR) were generated for the n3.L2 and M2 T cell
receptors (Holst et al., 2006), containing several additional stabilizing mutations in
framework regions (Shusta et al., 1999). These scTCR stabilizing mutations were needed to
produce the soluble scTCR, but not for expression of the mutants in T cells (Persaud et al.,
2010). The scTCRs were used previously to measure binding affinity of the series of
mutants to Hb(64-76)/I-Ek by surface plasmon resonance. To confirm and extend these
studies, we performed similar surface plasmon resonance studies. n3.L2 had an affinity of
16.6μM for Hb(64-76)/I-Ek (Figure 1A, B). M2 had a 3.7 fold higher affinity for Hb(64-76)/
I-Ek (4.3μM) due to an equivalent change in kon, without a significant change in koff (Figure
1A, B). Sensograms of increasing concentrations of scTCR up to 100μM were modeled for
a 1:1 binding ratio to determine kinetic measurements of n3.L2 and M2 scTCR binding to
Hb(64-76)/I-Ek dimers (Figure 1C). The KD values were confirmed by Scatchard analysis
(Figure 1D). These kinetic values were consistent with what was originally reported for
n3.L2 and M2 (Weber et al., 2005). Therefore, the M2 TCR has an increased affinity for
Hb(64-76)/I-Ek as the result of two CDR1α mutations.

We next wanted to identify the individual contribution of the two amino acid differences
between n3.L2 and M2. We were interested to determine if one residue had a dominant
effect on increasing n3.L2’s affinity for Hb(64-76)/I-Ek or if the two mutations were
synergistic. Somewhat unexpectedly, the conservative substitution of a threonine to a serine
at position 28 (T28S) increased the affinity of the TCR by 1.9 fold over n3.L2, specifically
by changing the kon (Figure 1A, B). The non-conservative single substitution of lysine to
glutamic acid at position 25 (K25E) maintained the wildtype n3.L2 affinity of the TCR for
Hb(64-76)/I-Ek (Figure 1A, B). Although the single substitution at position 25 did not have
an effect on affinity, it must act cooperatively with the substitution at position 28 to achieve
the 3.7 fold increase in affinity. The n3.L2 and M2 residues at position 28 are highly
conserved in many TCRs with published crystal structures, suggesting the importance of this
residue in TCR stability and/or MHC interactions (Manning et al., 1999; Nalefski et al.,
1990).

3.2 M2 and n3.L2 hybridomas have the same response to Hb(64-76)/I-Ek

The M2 TCR had not been previously tested functionally. Because the M2 mutations altered
the affinity of the TCR for pMHCII, we predicted M2 T cells would differ in their response
(sensitivity or specificity) to the Hb(64-76) peptide in comparison with n3.L2 T cells. To
measure the sensitivity of n3.L2 and M2 TCRs to Hb(64-76)/I-Ek, we generated T cell
hybridomas expressing either the n3.L2 or M2 TCR. Sorted n3.L2 and M2 hybridomas
expressed equivalent levels of the n3.L2 or M2 TCR and CD4 (Supplemental Figure 1).
Hybridomas were stimulated by CH27 cells pulsed with varying doses of purified Hb(64-76)
peptide. The n3.L2 and M2 response to agonist stimulation was measured by IL-2
production. The response curves for the n3.L2 and M2 hybridomas were the same, with the
same maximal response and sensitivity to the Hb(64-76) peptide (Figure 2). A similar result
was obtained for a related, higher affinity TCR, M15 (Weber et al., 2005). Therefore, the
M2 TCR is fully functional and equivalent to the n3.L2 TCR in its ability to recognize and
be stimulated by Hb(64-76)/I-Ek independent of effects from development.

3.3 CDR1α of M2 stabilizes the TCR to maintain activation despite mutations in the MHCIIα
chain

We wanted to begin to understand the structural basis for how subtle changes in the CDR1α
loop could alter TCR recognition of pMHC. We used a set of mutant I-Ek dimers, each
containing a single amino acid substitution at a potential TCR contact site, to measure

Lynch et al. Page 6

Mol Immunol. Author manuscript; available in PMC 2013 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



changes in the TCR:pMHCII energetic footprint. Mutant I-Ek dimers were loaded with
Hb(64-76) peptide and used to stimulate IL-2 production by the n3.L2 and M2 hybridomas.
Mutations that completely inhibited IL-2 production (> 90% reduction) were considered
critical in contributing to the energy required for TCR stimulation by pMHCII. All 3
mutations in the MHCIIβ chain completely inhibited IL-2 secretion for both n3.L2 and M2
hybridomas (Figure 3 A, B) suggesting interactions with the MHCIIβ are highly specific and
critical for stimulation through the TCR:pMHCII complex. The n3.L2 hybridomas failed to
recognize α53, α55, and α61 mutations, indicating these MHCIIα residues are critical for
the n3.L2 interaction (Figure 3 A, B). Interestingly, M2 hybridomas maintained stimulation
by all MHCIIα chain mutants except α61, which was critical for both TCRs (Figure 3A).
The CDR1α loop may stabilize the M2 TCR into an optimized conformation for MHCII
recognition. It is unclear whether the enhanced recognition of MHC dictated by CDR1α is
directly through generation of new contacts or through enhanced interactions with key
amino acid residues.

3.4 n3.L2 and M2 hybridomas differ in response to Hb(64-76) APLs
Subtle changes in peptide and MHC sequence can alter a T cell response. We wanted to
understand how moderate changes in the TCR could also affect specificity. We examined
TCR specificity for peptide by testing the ability of Hb APLs to stimulate the n3.L2 and M2
hybridomas. A panel of 76 peptides was generated by singly substituting each amino acid at
the 4 TCR contact residues and each APL was tested for the ability to stimulate IL-2
production. Of the 76 APLs, 13 APLs stimulated IL-2 production by the n3.L2 hybridomas
(Figure 4A), whereas, 25 of the 76 peptides were agonists for M2 hybridomas. M2
recognized changes at each of the 4 TCR contact residues. Additionally, M2 hybridomas
were more sensitive, with a lower EC50 value for IL-2 production, to APLs that were
agonistic for both n3.L2 and M2 hybridomas (Figure 4B). For example, the M69 APL
stimulated both n3.L2 and M2 hybridomas. The EC50 for M2 was 5μM with a maximal IL-2
production at 350 pg/mL (Figure 4B, left). M69 was able to stimulate n3.L2 hybridomas at
concentrations as low as 3.1μM but did not produce maximal IL-2 at 100μM, the highest
concentration testable. A similar difference was seen with the D70 APL. M2 hybridomas
produced more IL-2 in response to D70 but the sensitivity of the two hybridomas was
similar (Figure 4B, right). Thus, as a consequence of stabilizing the TCR, the M2 CDR1α
structural changes led to enhanced recognition of a broader number of APLs.

3.5 Generation of M2/B6.K/Rag1−/− TCR transgenic mice
T cell hybridomas are immortalized cell lines and only require TCR signals for activation.
We wanted to determine how changes in the TCR also affected T cell development and
normal function. Therefore, we generated an M2 TCR transgenic mouse. The n3.L2 TCR
transgenic mouse has previously been described (Kersh et al., 1998). The M2 mouse was
generated by coinjection of TCR α and β chains onto the B6 background. One founder was
generated that co-expressed the M2α and β chains. The M2αβ founder was crossed to the
B6.K/Rag1−/− background to provide the proper selecting environment for M2 T cells and
eliminate any potential complications from secondary TCRα rearrangements. The n3.L2
mouse was simultaneously crossed to a B6.K/Rag1−/− background and the thymocytes and T
cells of both mice were analyzed by flow cytometry (Figure 5).

Mature M2 Rag1−/− CD4+ T cells developed and were present in the periphery of the M2
transgenic mouse (Figure 5A). These cells were completely mature and expressed high
levels of TCR, CD3, and CD4 (Figure 5B). However, the CD4+ cell number was greatly
reduced in the M2 mouse in comparison to n3.L2 (Figure 5A). The decreased CD4
population suggested a difference in T cell selection. M2 mice had dramatically reduced
thymus cellularity in comparison to n3.L2 (Figure 5C), also indicative of a difference in T
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cell selection. The M2 thymus had an increased proportion of DN cells (Figure 5C), arrested
at the DN3 stage of development (Figure 5D). While this block indicated inefficient
development of the M2 TCR, the transgenic Vβ8.3 was highly expressed on a small
population at the same level as in the n3.L2 mouse (Figure 5E). The same TCRβ chain was
expressed on a larger population in the n3.L2 Rag1−/− mice (Figure 5E), suggesting the
TCRβ transgene was not efficiently expressed in the M2 Rag1−/− mouse, potentially as a
consequence of a transgene affect.

Despite the inefficient development of the M2 T cells, the DN population that did express
Vβ8.3 developed into DP, SP, and peripheral T cells, permitting further analysis of those
populations. In the thymus, both the M2 and n3.L2 mice had a mature CD4 SP population
(Figure 5C). The CD4 SP populations expressed the same levels of TCR, CD4, CD3 and
maturation markers in the thymus and periphery (Figure 5B, F). Very few Treg cells
developed from the transgenic T cells either in the thymus or by peripheral conversion
(Supplemental Figure 2A, B). Therefore, M2 CD4+ T cells developed and persisted in the
periphery in M2/B6.K/Rag1−/− mice. While these cells appeared to be phenotypically
normal, we predicted the consequences of changes in selection in the thymus would alter
CD4 function in response to cognate antigen.

3.6 M2 T cells are deleted when exposed to Hb(64-76) as an endogenous peptide
The Hb model, involving two alleleic forms of the antigen, afforded us the possibility to
determine thymic selection changes in response to Hb(64-76) as an endogenous ligand. A
strong signal during T cell selection can result in deletion of T cells by negative selection
(Mirshahidi et al., 2004; Williams et al., 1999). We proposed that the slight increased
affinity of the M2 TCR for Hb(64-76) would result in enhanced negative selection, despite
the identical in vitro responses of n3.L2 and M2 to Hb(64-76). As a control, neither T cell
was reactive to the Hbs (64-76) peptide (data not shown). A B6.K/Hbd congenic line was
bred to the Rag sufficient n3.L2 and M2 TCR transgenic mice. Due to the high level of
agonist antigen present in these mice, we predicted that n3.L2 and M2 T cells would be
deleted by negative selection. Surprisingly, a small number of n3.L2 CD4+ T cells were
present in the periphery of the n3.L2 × Hbd mice (Figure 6A). While some specific T cells
were deleted due to recognition of Hbd(64-76) as self peptide, the n3.L2 affinity for
Hbd(64-76) was apparently not above the threshold for complete negative selection. By 4
weeks of age, these mice developed autoimmune hemolytic anemia as measured by the
presence of anti RBC antibodies (Figure 6B). In the n3.L2 × Hbd mice, we suggest that the
small population of Hb specific T cells induce production of anti-Hbd antibodies by B cells
in the spleen. The Rag1+/+ transgenic mice were used for Hbd crosses to preserve the B cell
population required to induce the autoimmune response against endogenous Hbd(64-76).
Anti-RBC antibodies are then deposited on red blood cells resulting in their lysis and the
mice develop autoimmune hemolytic anemia. We are then able to use antibody labeling of
RBCs as a readout for the onset of anemia.

In contrast to the n3.L2 × Hbd mice, the M2 × Hbd mice completely lacked M2 specific cells
in the periphery, though CAb+ cells were found in the thymus (Figure 6A). M2 × Hbd mice
failed to develop anemia due to complete elimination of the M2 population (Figure 6B),
since the percentage of CD4 cells found in the periphery of M2 × Hbd mice was not
different from non-transgenic controls (Figure 6A). The M2 × Hbd mice did not develop
hemolytic anemia up to 10 weeks of age. The increased affinity of the M2 TCR for Hbd

leads to elimination of M2 cells by negative selection as a consequence of stronger selection
signals. These findings demonstrate the sensitivity of negative selection to minor changes in
the TCR:pMHC interaction, and establish a threshold for complete negative selection.
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3.7 M2 Rag1−/− CD4 T cells are hyporesponsive to Hb(64-76) in the periphery
The immune system has developed multiple mechanisms to ensure self tolerance in the
periphery in order to prevent autoimmunity. High affinity T cells that escape negative
selection can become unresponsive in the periphery (Kirberg et al., 1993; Macian et al.,
2004) with decreased cytokine production and inhibited proliferation. Isolated M2 and n3.L2
Rag1−/− CD4+ T cells had the same sensitivity in producing IL-2 in response to Hb(64-76)-
I-Ek presented on irradiated B6.K splenocytes (Figure 7A). However, the M2 T cells
produced significantly lower levels of IL-2 in comparison to n3.L2 T cells (Figure 7A).
Interestingly, isolated M2 T cells failed to proliferate in response to Hb(64-76) stimulation
in contrast to the strong proliferation of n3.L2 T cells (Figure 7B). The reduced ability to
produce IL-2 and inhibition of proliferation is a classic pattern of T cell anergy (Sloan-
Lancaster et al., 1993).

An anergic state is often accompanied by downregulation of the TCR or costimulatory
molecules on the T cell surface. M2 and n3.L2 T cells retained high TCR levels in the
periphery of the Rag1−/− transgenic mice (Figure 5B). CD3 and CD4 levels were the same
on n3.L2 and M2 cells (Figure 5B), suggesting the unresponsive nature of M2 T cells is not
due to an inability to receive activating signals. Levels of CD25, CD28, PD-1, and CTLA-4
were also similar on n3.L2 and M2 CD4 cells (Figure 7C). As the induction of anergy did
not appear to be due to decreased costimulation or increased inhibitory signals, M2’s
hyporesponsive phenotype may be set in the thymus as a result of different T cell selection
in comparison to n3.L2. Alternatively, the anergic state could be set in the periphery as a
consequence of altered activation. In either case, the TCR structure is fine tuned for T cell
activation. Slight changes in the TCR that improve TCR:pMHC affinity, such as the CDR1α
mutations resulting in the M2 TCR, do not necessarily result in enhanced T cell function.
Selection in the thymus determines productive pMHC engagement and what structural
changes improve peptide recognition by a T cell.

4. Discussion
The affinity of a TCR for specific pMHC is determined by the strength of contacts between
the TCR and pMHC. We have generated a TCR, M2, that has a stronger affinity for
Hb(64-76)/I-Ek than the wildtype TCR, n.3L2. The same mutations in the CDR1α loop that
result in M2’s increased affinity alter the TCR:pMHC binding footprint. The M2 TCR has
increased sensitivity to and broader recognition of APLs. The increased breadth and strength
of response to APLs may contribute to the high level of negative selection observed in the
M2 TCR transgenic mice. M2 T cells undergo complete negative selection when exposed to
agonist Hbd(64-76) endogenously as a consequence of the stronger affinity. Instead of
improving the T cell response, M2 T cells that escape negative selection are anergic.
Therefore, subtle changes in the TCR that enhance binding to pMHC can lead to generation
of unresponsive T cells.

What is unique about our system is that the M2 TCR has a higher affinity due to two amino
acid changes in the CDR1α loop. In the traditional view of TCR:pMHC binding, the CDR3
loops are the primary regions that interact with the peptide, conferring the cross-reactive
property of T cells, and therefore have been the main focus in determining what makes a T
cell potentially autoreactive (Reiser et al., 2003; Yin et al., 2011). A few additional studies
have directly mutagenized CDR 1, 2, and 3 loops and seen large changes in antigen
specificity (Jones et al., 2008; Zhao et al., 2007) and selection (Sim et al., 1996). With M2,
mutations in the CDR1α loop not only generate a higher affinity TCR (Chlewicki et al.,
2005) but also regulate activation through the TCR. The stability of the TCR or the
TCR:pMHC complex conferred by the CDR1α mutations may maintain an affinity closer to
the threshold for T cell activation. As a result, M2 T cells are stimulated to produce IL-2
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with a broad range of APLs and can potentially recognize a larger number of selecting
peptides in the thymus. Previously the two amino acids at positions 26 and 28 were shown to
affect binding pMHC for arsenic specific TCRs (Nalefski et al., 1990). These same residues
were individually important in contributing to stronger affinity and enhanced TCR:pMHC
energetics (Pierce et al., 2010), though these residues may not be important for all
TCR:pMHC complexes. While CDR1α loops in general have a flexible conformation
(Armstrong et al., 2008), we cannot determine if changes in M2’s peptide fine specificity are
due to greater flexibility or merely the result of stronger affinity interactions through
alterations in peptide or MHC contact by CDR1α or changes in the structure of other CDRs.

The increased level of negative selection of M2 cells may be a consequence of broader
recognition of selecting peptides or stronger interactions with self peptides that select n3.L2.
By increasing the affinity of the TCR for self pMHC complexes, peptides which were low
affinity, inducing positive selection, would have high enough affinity to overcome the
threshold for negative selection. Therefore, the M2 CDR1α mutations may in fact be
generating a TCR with stronger recognition of MHCII in the thymus. While we were unable
to identify a positively selecting peptide, this does not disprove M2’s stronger interaction
with endogenous pMHCII, as positively selecting peptides are highly specific and do not
reflect the structural features of agonists (Dao et al., 2003; Hogquist et al., 1997; Lo et al.,
2009).

The threshold between thymocyte survival and death by negative selection is very narrow.
Previous work using n3.L2 T cells selected in the presence of Hb(64-76) APLs identified
that interactions longer than two seconds (t1/2) led to complete negative selection (Williams
et al., 1999). Based on our new findings using n3.L2 × Hbd and M2 × Hbd T cell
development, this selection threshold for CD4 T cells needs to be adjusted. Both n3.L2 and
M2 exceeded the two second half life for binding Hb/I-Ek but differed in the level of
negative selection by Hbd. N3.L2 T cells bound Hb(64-76)/I-Ek with an affinity of 16.6μM.
While developing n3.L2 T cells were subjected to low levels of negative selection in the
presence of endogenous Hbd(64-76), a large proportion of the n3.L2 CD4 T cells did persist
in the periphery of the n3.L2 × Hbd mice. By increasing the TCR:pMHC affinity 3.7-fold to
4μM, M2 thymocytes were completely eliminated by negative selection in the M2 × Hbd

mice. This value is consistent with the threshold measured for CD8 T cells (Naeher et al.,
2007). The difference between n3.L2 and M2 clearly defines the negative selection
threshold for CD4 T cells and shows that the overall affinity, not the t1/2, dictates this
threshold.

Despite evidence supporting an affinity model for selection, studies have implicated
signaling differences regulate positive versus negative selection. Even so, the quality and
quantity of pMHC-specific signaling received by a thymocyte during development must still
be regulated by the affinity of the TCR:pMHC complex. Low affinity interactions have
maintained both selection and activation of specific 2C CD8 T cells to induce target lysis
(Sykulev et al., 1994; Udaka et al., 1992). This same functionality was based on the number
of pMHC complexes available to TCRs on the cell surface (Delaney et al., 1998). The
ability to form multiple TCR:pMHC interactions, either with neighboring molecules or
through rebinding, can determine the level of phosphorylation of downstream signaling
molecules and the level of T cell function. Rebinding is dependent upon the on-rate (Huang
et al., 2010; Huppa et al., 2010) and therefore could be a determining parameter for the
difference between n3.L2 and M2 T cells. It would be interesting to identify signaling
differences between n3.L2 and M2 thymocytes that could explain the skewed selection
phenotype observed in vivo. The affect is not the same as was described by Sim et al. (Sim
et al., 1996) where mutation of CDR1 skewed CD4 development to CD8, however the
increased level of negative selection of M2 thymocytes could also be a consequence of
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altered MHC recognition. Levels of costimulatory and inhibitory molecules can modulate
thymus and peripheral T cell reactivity to cytokines and induction of apoptosis resulting in
negative selection and anergy (Xing and Hogquist, 2012). While surface expression of
costimulatory and inhibitory molecules was identical between the two TCRs, the
functionality of these receptors was not tested and could contribute to the skewed selection
profile and induction of anergy for M2 T cells. Further dissection of signaling pathways
downstream of the TCR may uncover a mechanism for how altering CDR1α and increasing
TCR affinity for pMHC changes the T cell response to selecting peptides and peripheral
antigens.

As a mechanism to prevent autoimmune disease, high affinity TCRs can be tolerized,
leaving a population of autoreactive T cells unresponsive to agonist stimuli. M2 T cells
develop in an environment lacking the Hbd agonist peptide and do not respond to Hbs

stimulation, both indicators that M2 (and n3.L2) T cells are unlikely to become autoreactive
in the transgenic mouse. Even so, M2 T cells are anergized in the periphery. Weak agonist
TCR:pMHC interactions, such as is measured with some APLs, often result in incomplete T
cell activation and induction of anergy (Evavold et al., 1993; Garbi et al., 2010; Lyons et al.,
1996; Rabinowitz et al., 1996; Sloan-Lancaster et al., 1993; Zehn et al., 2009). Rechallenge
with an agonist after anergy induction by APL stimulation leads to an inability to proliferate
but restored IL-2 production both in vitro and in vivo (Edwards and Evavold, 2010).
Because of broadened peptide recognition due to the CDR1α mutations, M2 T cells may
recognize weakly stimulatory peptides that are null for n3.L2. M2 T cells that escape
negative selection following selection by a weakly stimulatory peptide would be
hyporesponsive when exposed to Hb(64-76) agonist. Early signaling events downstream of
the hyporesponsive M2 TCR may be insufficient to trigger full IL-2 production and
proliferation, as has been seen with cytolytic activity of CD8 T cells (Beal et al., 2009). The
developmental programming imposed on these cells in the thymus leads to an attenuated
response, despite enhanced contact with agonist pMHC for full activation.

The optimized M2 TCR structure has a faster on-rate for binding Hb(64-76) I-Ek. The
CDR1α region stabilizes the TCR with pMHC by contributing energetically to the overall
complex as a result of contact with MHC or by directly influencing the CDR3α contact with
peptide (Armstrong et al., 2008; Borg et al., 2005; Burrows et al., 2010). Interestingly, in
one study position 28 of the TCRα chain was important in increasing the association rate of
TCRs with additional mutations through enhancing interaction between residues on CDR1α
and CDR3α loops (Pierce et al., 2010). Since mutations on the I-Ek α chain maintained
sufficient interaction with M2 for IL-2 production but not n3.L2, the M2 CDR1α mutations
may result in new or stronger contacts with the MHCII, decreasing the requirement for
others. An altered binding orientation is unlikely, as structures of high affinity variants in the
2C system do not show altered footprints (Varani et al., 2007). Instead the faster kon of M2
binding pMHC may reflect a more optimal conformation for association with MHC,
maintaining affinity above the threshold for T cell activation with a broad range of peptides.
The M2 CDR1α loop may be more flexible, which would contribute to an altered ability to
be in a “ready” conformation for faster pMHC binding. Alternatively, the CDR1α mutations
may change pMHC contact directly or indirectly by altering the orientation of the CDR1α or
other CDR loops of the n3.L2 TCR, as has been seen for other systems (Krogsgaard et al.,
2003; Manning et al., 1999; Pierce et al., 2010; Reiser et al., 2003). A crystal structure of the
M2: Hb/I-Ek co-complex would identify the exact structural changes induced by the M2
CDR1α mutations. What is clear, however, is that a TCR with enhanced binding to pMHC
does not always produce a better overall T cell.
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Figure 1. M2 TCR has higher affinity for Hb(64-76) due to a change in kon
A and B. Kinetics of n3.L2, M2, K25E, and T28S were measured by surface plasmon
resonance using scTCRs binding to Hb(64-76)/I-Ek dimers. Values in arrows indicate fold
change above n3.L2 for kon measurements. Measurements of n3.L2 and M2 kinetics are
averages of 5 independent experiments on separate CM5 chips. Measurements of K25E and
T28S kinetics are averages of 3 independent experiments on separate CM5 chips. Statistical
differences were determined using Student’s t test. C. Representative sensograms are shown
for scTCR injections over bound I-Ek Ig dimer at the indicated concentrations. Kinetic
constants were calculated by fitting sensograms to a 1:1 Langmuir binding model. D.
Equilibrium responses at each scTCR concentration were used to generate Scatchard plots of
n3.L2 and M2 to confirm KD values predicted from 1:1 modeling. The response was highly
linear, with r2 values of 0.8.
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Figure 2. Response of n3.L2 and M2 hybridomas to Hb(64-76) peptide
IL-2 production by n3.L2 (closed square) and M2 (open triangle) hybridomas in response to
wild-type Hb(64-76). Hybridomas were cultured in triplicate for 18-20 hrs with peptide
loaded CH27 APCs. Mean + SEM is presented for triplicates at each concentration in the
dose curve, which is representative of 6 independent experiments.
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Figure 3. Binding of n3.L2 and M2 TCRs to Hb(64-76)/I-Ek dimers
A. Plate bound Hb-loaded mutant I-Ek dimers were used to stimulate IL-2 production by
n3.L2 and M2 hybridomas. We tested the response to 4 mutations in the I-Ek α chain and 3
mutations in the I-Ek β chain. MHC residues were considered critical if mutation at that
position inhibited >90% of IL-2 production (highlighted by the dashed line). Representative
plot of mean + S.D. IL-2 production normalized to wildtype levels. B. Critical contact
residues are highlighted by red circles on a surface model of the crystal structure of Hb
bound to I-Ek (Protein DataBank accession code, 1FNG) to identify the TCR binding
footprint. The MHCIIα mutation at position 57 was not critical for IL-2 production by n3.L2
or M2 and is not indicated on the model. Green ovals represent the general contact area for
TCR CDR1α loops, where the two amino acid differences between n3.L2 and M2 are
located. Summarized results are based on 3 independent experiments.

Lynch et al. Page 18

Mol Immunol. Author manuscript; available in PMC 2013 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. Response of n3.L2 and M2 hybridomas to Hb(64-76) APLs
A. All 20 amino acids were substituted individually into each of the 4 TCR contact positions
in the Hb(64-76) peptide (P2, P3, P5 and P8). Wildtype Hb(64-76) residues are noted under
the label for each position. APLs that induced IL-2 production are shaded. Each APL was
tested in triplicate up to 100μM in at least 3 independent experiments. B. Stimulation of
IL-2 production by n3.L2 (closed square) and M2 (open triangle) with M69 (left) and D70
(right) as examples of differences in APL response. Mean + SEM is presented for the full
dose curve which is representative of 4 independent experiments.
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Figure 5. Comparison of the n3.L2 and M2 Rag1−/− TCR transgenic mice
A. Flow cytometry analysis of the transgenic CD4 population in the spleens of age matched
n3.L2 (left) and M2 (right) transgenic mice. Plots were gated on live lymphocytes. The
percentage of specific transgenic CD4 (CAb+ CD4+) cells in the lymphocyte population is
noted on each dot plot. Representative plots from 10 mice. Flow cytometry analysis was
used to calculate the total number of CD4+ cells from the spleens of n3.L2 and M2 mice. n =
10 mice for each group. P values determined by Student’s t-test. B. Histogram overlays
showing TCR, CD3 and CD4 levels on the gated CAb+ CD4+ population in panel A from
n3.L2 (black line) and M2 (filled histogram) TCR transgenic mice. C. Labeling of
representative thymus from age matched n3.L2 (left) and M2 (right) transgenic mice for
CD4 and CD8 expression. Percentage of DN, DP, CD4 and CD8 SP populations are listed.
Bar graph indicates total thymus size for mice aged 4-6 weeks. p < 0.0001 measured by
Student’s t test. n = 10 mice for each group. D. Analysis of the DN population from the
thymus plot and gating shown in panel C. E. Intracellular staining for the transgenic Vβ8.3
TCR β chain in n3.L2 (black) and M2 (filled) DN cells. Representative plots from 5 mice in
3 independent experiments. F. Overlays of TCR (CAb), CD3, and CD4 levels on gated
n3.L2 (black line) and M2 (filled histogram) CD4 SP populations from panel C.
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Figure 6. Selection of n3.L2 and M2 T cells by endogenous Hbd(64-76)
A. n3.L2 and M2 Rag+/+ transgenic mice were crossed to congenic Hbd mice, which express
the agonist Hbd (64-76) as a self peptide. Thymi and spleens from the crosses were assessed
for presence of CAb+ CD4+ cells. Percent CAb+ CD4+ is listed for representative n3.L2,
M2, n3.L2 × Hbd, M2 × Hbd, and transgenic negative Hbd littermate mice, aged 6 weeks. 6
n3.L2 × Hbd and 6 M2 × Hbd mice were characterized for development of transgenic T
cells. B. n3.L2 × Hbd and M2 × Hbd mice were monitored for development of anemia by
deposition of antibodies on RBC. Peripheral blood from 5 week old n3.L2 × Hbd (black
line) and M2 × Hbd (filled histogram) mice was labeled with a PE-pan Ig antibody. Overlays
show levels of anti-Ig on gated RBCs for 3 n3.L2 × Hbd and 3 M2 × Hbd mice.
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Figure 7. M2 CD4 T cells are hyporesponsive to Hb(64-76)
A. Rag1−/− CAb+ CD4+ cells isolated from n3.L2 (closed squares) and M2 (open triangle)
mice were cultured in triplicate overnight with irradiated B6.K splenocytes pulsed with
indicated concentrations of purified Hb(64-76) peptide. After 18-20 hrs, IL-2 production
was assayed by ELISA. Dose curves are mean + SEM of triplicate samples from 3
independent experiments. B. The same cells assayed for IL-2 production in panel A were
maintained in culture for an additional 72 hrs to measure proliferation of isolated n3.L2
(closed squares) and M2 (open triangle) cells by 3H incorporation. Dose curves are mean +
SEM of triplicate samples from 3 independent experiments. C. Levels of costimulatory and
inhibitory molecules on the surface of naive CAb+ CD4+ cells from the spleen of n3.L2
(black line) and M2 (filled histogram) TCR transgenic mice. Representative plots from 5
mice in 3 independent experiments.
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