
The polyclonal CD8 T cell response to influenza M158–66 

generates a fully connected network of cross-reactive 
clonotypes to structurally related peptides: A paradigm for 
memory repertoire coverage of novel epitopes or escape 
mutants1

Galina V. Petrova*, Elena N. Naumova†, and Jack Gorski*

*The Blood Research Institute, BloodCenter of Wisconsin, 8727 Watertown Plank Rd, Milwaukee, 
WI 53226

†Department of Civil and Environmental Engineering, Tufts University School of Engineering, 200 
College Ave., Medford, MA 02155

Abstract

Cross-reactivity of T cells is defined by recognition of two or more peptide-MHC complexes by 

the same T cell. Although examples of cross-reactivity have been reported, a detailed examination 

of cross-reactivity has not been performed. Here we take advantage of the high degree of 

polyclonality in the BV19 T cell repertoire responding to influenza M158–66 in HLA-A2 

individuals to obtain a measure for simple cross-reactivity. We utilize an incremental epitope 

modulation approach to this question using the HLA-A2 restricted response to influenza M158–66 

as the system. In three HLA-A2 adult subjects we identified the BV19 clonotypes in the recall 

response to the influenza epitope M158–66 and twelve M1 peptides substituted at TCR contact 

positions 63 or 65. The fraction of cross-reactive clonotypes in the M158–66 repertoire varies from 

45% to 58% in the three donors. The extent of cross-reactivity, which is the additional number of 

peptides recognized by a single clonotype, is as high as six. We summarize the data using a graph 

theory approach with the cross-reactive clonotypes connecting the different HLA-A2 peptides 

recognized. The cross-reactive clonotypes form a well-connected network that could provide 

protection from escape variants. We predict that any new pathogen with an epitope whose shape 

corresponds to that of the peptides studied here would find a pre-existing repertoire ready to 

respond to it. We propose that in adult memory repertoires, previously encountered epitopes may 

have generated similar cross-reactive repertoires.
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Introduction

An inherent property of the interaction between T cell receptor and peptide-MHC (pMHC) 

complexes may be the ability of the TCR to recognize a number of related structures (1). 

This is referred to as cross-reactivity. Because we do not have a sufficiently detailed 

understanding of this interaction, it is also possible that a pMHC structure which may appear 

to be entirely unrelated by sequence may also be recognized. There are examples of both 

simple and complex cross-reactivity (2–11). Recently there have been attempts to 

characterize the mechanisms by which cross-reactivity can take place (reviewed in 12) to 

quantify to what extent cross-reactivity is observed (13), and to place the phenomenon in the 

context of immune responses (reviewed in 14).

Here we examine the question of cross-reactivity to structurally related epitopes by 

describing recall repertoires to the M158–66 epitope from influenza A virus in three HLA-A2 

individuals and then measuring the recall repertoire to twelve peptides substituted at one of 

two TCR contact residues. The recall responses to M158–66 are observed in most HLA-A2 

individuals (15, 16). The responding T cells predominantly use BV19 and a restricted CDR3 

amino acid sequence (17–19). However, they are polyclonal (20, 21) and thus are able to 

provide significant data in terms of number of clonotypes. The approach of modifying a 

known epitope offers the benefit of simplicity so that the cross-reactive clonotypes can be 

further investigated on the basis of the structural differences of the pMHC complexes vis-à-

vis M158–66. Furthermore, there has already been a description of using such peptides to 

map responses which proved the feasibility of this approach (22). We identified responding 

T cells on the basis of the focusing of the repertoire to T cells with reproducible CDR3 

lengths in triplicate cultures and sequenced the CDR3 of the responders. We observe a high 

degree of cross-reactivity and summarize our results by generating a network graph.

Materials and methods

Peptides

Influenza A matrix M158–66 peptide and all substituted peptides were synthesized by 

standard solid-phase methods, purified by HPLC, and confirmed by mass spectrometry 

(Core Lab at Blood Research Institute, the BloodCenter of Wisconsin). Peptide sequences 

are listed in Table I.

CTL isolation, RNA isolation, cDNA preparation

PBMC were collected from buffy coats of three healthy HLA-A2.1 donors (age 37, 38, and 

47) using lymphocyte separation medium (Cellgro, Mediatech, Manassas, VA) and 

cryopreserved in human AB serum containing 10% DMSO at a concentration 107/ml with a 

control freezing system (CryoMed Freezer, Fisher Scientific, Pittsburg, PA) before use. All 

samples were obtained under IRB-approved protocols (IRB# BC 05–11 and BC 04–22). 

Frozen PBMC were stored in liquid nitrogen at −180°C. To establish CTL, PBMC were 

thawed and placed into complete RPMI at RT. PBMC were cultured at 2×106 cells/2 ml in 

the presence of 1 µM of influenza A matrix peptide M158–66 or one of the substituted 

peptides and 10 U/ml of recombinant IL-2 in 12-well plates for 7 days. Additional 
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recombinant IL-2 (10U/ml) was added on day 4. All cultures were established in triplicate. 

Primed cells were restimulated in the presence of recombinant IL-2 (10U/ml) and an equal 

number of irradiated (3000 R) autologous PBMC that had been preloaded with M158–66 or a 

corresponding substituted peptide. After 2 weeks in culture CD8+ T cells were separated 

using Dynal® CD8 Positive Isolation Kit (Invitrogen, Carlsbad, CA). RNA isolation was 

performed using Dynabeads® mRNA DIRECT™ Kit (Invitrogen). For Donor C, RNA from 

cultures stimulated with peptides substituted at position 63 was isolated after three weeks of 

culturing with no CD8 isolation. For all donors, cDNA was synthesized immediately after 

RNA isolation using oligo(dT) as primer and M-MLV (Invitrogen) as reverse transcriptase.

CDR3 spectratyping

BV genes were amplified from cDNA using BV19 family-specific primer and 

fluorochrome-labeled TCR CB primer as described (23). 1 µl of each PCR product was used 

for fragment analysis (3100 Genetic Analyzer, Applied Biosystems). Data analysis was 

performed using proprietary software (Flynn Creek Biosciences, Hubertus, WI).

PCR product cloning, sequencing, and colony counting

10 µl of PCR product was used for electrophoresis on a 5% polyacrylamide gel; specific 

bands were visualized by fluorescence detection (Typhoon TRIO+, GE Healthcare Life 

Sciences, Piscataway, NJ) and excised or PCR product was directly subcloned. DNA 

extraction was performed using QIAEX® II Gel Extraction Kit (Qiagen, Valencia, CA). 10 

µl of extracted DNA was amplified for three cycles and subcloned using TOPO TA 

Cloning® Kit for Sequencing (Invitrogen, Carlsbad, CA). Competent cells were inoculated 

on LB agar plates (Difco™ Luria Agar Base, Miller, BD, Franklin Lakes, NJ) containing 

ampicillin (100µg/ml) and incubated overnight at 37°C. 96–144 for each sample were 

randomly chosen for inoculation in 400 µl LB broth (Difco Luria Broth Base, Miller, BD) 

containing ampicillin (100µg/ml) in deep 96-well plates and incubated overnight on a shaker 

(250 rpm) at 37°C. 160 µl of bacterial broth was frozen at −80°C in the presence of 40 µl of 

50% glycerol. Sequences were performed by AGENCourt Bioscience Corporation 

(Beckman Coulter Company, Beverly, MA) or GeneWiz, Inc. (South Plainfield, NJ). Data 

were analyzed using FinchTV software (Geospiza, Inc., Seattle, WA). Clonotypes were 

named on the basis of their amino acid sequence with a numerical coding that allows 

reconstruction of the nucleotide sequence (24). Complete names are provided in the 

Supplemental Tables. When there is no chance of misunderstanding, names were shortened 

to omit BV CDR3 length and encoding information.

Repertoire measures and characteristics

These measures define a number of general repertoire characteristics, and are based on 

literature references (25, 26).

M - the number of sequences analyzed

N - the number of unique clonotypes identified

Rmax - the number of observations of the most frequent clonotype

Ns - the number of clonotypes that appeared only once (singletons)
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Ncr – the number of cross-reactive clonotypes

Ns/N – the fraction of singletons

Ncr/N – the fraction of cross-reactive clonotypes

Rmax/M – the frequency of the most represented clonotype

Statistical analysis

Rank-repertoire-number summary—To analyze frequencies of cross-reactive 

clonotypes in different peptide repertoires, we used a rank-repertoire-number summary. 

Clonotype frequencies were plotted as a function of the number of peptides recognized: All 

clonotypes that were found only in one peptide repertoire were ranked as “1” (non-cross-

reactive); all clonotypes found in M158–66 and any substituted peptides repertoire (cross-

reactive) as “2”; etc. The frequency of clonotypes at each rank is plotted as the fraction of 

the total donor-specific repertoire (BV19 L11).

Estimation of parameters—Parameters for power law-like distribution were estimated 

as described in ref. (27).

pMHC structure modeling

pMHC images were generated by using the PyMol Molecular Graphics System (De Lano 

Scientific LLC (v0.99) San Carlos, CA).

RESULTS

Defining the recall response to M158–66 in three donors

To measure the recall response we stimulated PBMC from three different HLA-A2donors 

with the M158–66 peptide in short-term (2 week) recall cultures in triplicate. CD8 T cells 

from the cultures were analyzed by spectratyping to measure repertoire skewing as a result 

of exposure to the M158–66. Because clonotypes that use BV19 are known to be important in 

this response, we focused on this BV family. The results of the BV19 spectratype analyses 

for all three donors are presented in Figure 1A. A band is considered specific if it was 

focused in two out of three cultures. The M158–66 response is characterized by focusing to a 

150 bp band which corresponds to a CDR3 length of 11 aa. Additionally, shorter or longer 

sizes might be present in response to M158–66. Thus, a 147 bp band was identified in Donor 

A and 153 bp band – in Donor C.

Clonotype analysis of the 150 bp (L11) repertoire—The BV19 150 bp band 

represents the predominant V gene and CDR3 size in the M158–66 response. To identify the 

clonotypes present and to measure their frequency we sequenced the CDR3 regions of the 

PCR product representing clonotypes of L11, from all the cultures for all three donors. An 

example of a clonotype distribution of the combined data from all three M158–66 cultures is 

shown for Donor A in Fig. 1B. The primary characteristics of the repertoire include the 

number of unique clonotypes identified (N), the number of sequences analyzed (M), the 

number of observations of the most frequent clonotype (Rmax), and the number of 
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singletons (Ns) (as described in ref. 25, 26 and showed on Fig. 1C). These repertoire 

descriptors will be provided for all the repertoire analyses presented.

Repertoires from triplicate cultures for each peptide were combined into one peptide specific 

repertoire. For Donor C, we generated two M158–66 repertoires in different experiments and 

thus the number of observation (M = 603) is twice as high as for the others.

Approach to the analysis of repertoire cross-reactivity

The question we address here is to what extent clonotypes that respond to M158–66 also 

respond to substituted peptides that present a slight or considerable change in the epitope 

recognition surface. The choice of substitutions was based in part on the work of Gotch et 

al. (22), who evaluated different M158–66 substitutions on CTL function using established 

lines.

We restricted our substitutions to TCR contact residues at positions 63 and 65 (Table I). The 

Val at position 63 makes hydrogen bonds with Arg98 and Ser99 of CDR3 and Gln52 of 

CDR2 of the TCR β chain. The Thr at position 65 forms a direct hydrogen bond with Asp32 

of the BV CDR1 loop and an indirect hydrogen bond interaction with Asp32 through a 

highly ordered water molecule that participates in a hydrogen network with the BV CDR3 

loop (28). The combination of Asp32of the CDR1 and Gln52 of the CDR2 loops of the BV 

chain is unique to the human BV19 sequence.

We tried both conservative and non-conservative substitutions (Table I). Substitutions at 

these positions could result in expansion of clonotypes that react with M158–66 and one or 

more of the substituted peptides. Such clonotypes will define the cross-reactivity of M158–66 

repertoire.

It should be noted that the three individuals studied here have generated different naïve 

repertoires based on their total MHC polymorphism and other polymorphisms affecting 

positive and negative selection. They also have had different pathogen exposure histories, 

which would affect their overall peripheral selected repertoire. Therefore, if we observe 

similar patterns we will be examining large-scale effects relatively independent of these 

differences.

Choosing targets for clonotype analysis

We tested each peptide in short-term (2 week) recall cultures in triplicate. CD8 T cells from 

the cultures were analyzed by BV19 spectratyping to measure repertoire skewing as a result 

of exposure to the peptides. The results of the BV19 spectratype analyses for all three 

donors are presented in Figure 2. A representative triplicate culture for M158–66 and the 

three peptides substituted at position 63 are shown. The ex vivo peak distribution is 

Gaussian, and the no peptide control occasionally shows some nonspecific skewing. With 

M158–66, all three individuals showed focusing of the 150 bp band that corresponds to an 11 

amino acid CDR3 length (L11), consistent with previous data (19, 20). One individual 

(Donor A) showed a 147 bp band (10 aa fragment of the CDR3 region, L10) that would be 

expected of the J1.2 associated response to this peptide (18), and Donor C showed a weak 

but reproducible band of 153 bp.
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Substituting Val63 for Leu had a drastic effect on the response by Donor C as all BV19 

responses were lost, whereas Donors A and B were unaffected, with Donor B now showing 

a 147 bp band. The 159 bp band in Donor A was not considered specific as there was a band 

of the same length in the no peptide control. Substitution of Val63 for Ile resulted in a weak 

but reproducible response in Donor B. Donor A showed an increase in intensity of the 147 

bp band and a much reduced 150 bp band. A 147 bp band became prominent in the data 

from Donor C and the 150 bp band remained. A 147 bp band was predominant for the Val63 

to Thr substitution in Donors A and B, and the153 bp band predominated in Donor C. The 

150 bp band was reduced in all three donors after stimulation with this peptide.

Substituting Val63 for Arg, Ser, Lys, or Ala showed either a very weak BV19 response 

(Donor C after stimulation with R63, a 159 bp band) or no BV 19 response at all (data are 

not shown). Thus, three substituted peptides favor the expansion of CD8 T cells that possess 

TCR with similar CDR3 lengths to that observed with M158–66.There is some shifting of 

distribution between the CDR3 lengths and the appearance of T cells with a CDR3 length 

that is not observed with the M158–66 peptide.

We analyzed the peptides substituted at position 65 in a similar manner. The results for all 

the stimulating peptides and for the specific CDR3 lengths are summarized in Table II. We 

performed clonotype analysis by sequencing the PCR products. We will describe the BV19 

clonotype data on the basis of the length of the CDR3.

Cross-reactivity of the BV19 repertoire in response to stimulation with substituted 
peptides

Cross-reactivity of the 150 bp (L11) M158–66 repertoire—The clonotypes that were 

present in the M158–66 repertoire and at least one of the substituted peptide repertoires are 

called cross-reactive. The repertoire summaries and the relative frequencies of cross-reactive 

clonotype for each donor are shown in Supplemental Table I. The summary at the bottom of 

each column shows a number of pertinent repertoire measures and characteristics. We added 

the repertoire measure Ncr, the number of cross-reactive clonotypes, to our repertoire 

summaries.

For Donor A there are 48 cross-reactive clonotypes observed in the M158–66 repertoire. Six 

of these are observed in the L63 repertoire (12.5%), seven in the T63 repertoire (14.6%), one 

clonotype in the I63 repertoire (2.1%), thirty-four (70.8%) in A65, thirty-two (66.7%) in the 

S65 and eight (16.7%) in G65 repertoires. These data are summarized in Figure 3A (open 

bars) by plotting all the clonotypes that respond to a particular substituted peptide as a 

percentage of those that responded to the M158–66 peptide. This shows that the differences in 

cross-reactivity vary by peptide and position of substitution.

Data for all three donors also summarized on Figure 3A. Overall, the fraction of M158–66 

cross-reactive clonotypes for position 63 substitutions was lower than for position 65. It can 

also be seen that cross-reactivity varies on the basis of the peptide and the donor.

CD8 T cells of all three donors similarly respond to stimulation with A65 (22.7%–36.2%), 

S65 (29.5%–34.5%) and T63 (6.8%–7.4%) peptides (Fig. 3A). This similarity probably 
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reflects the ability of many M158–66-responsive clonotypes from every donor to recognize 

the relatively similar structural substitutions involved.

Responses to other substituted peptides are donor specific. For example, Donor A has very 

low (1.1%) cross-reactivity to I63, whereas Donors B and C have high cross-reactivity 

(37.9% and 20.5%, respectively). Donor C did not respond to the L63 peptide, but both 

Donors A (6.4%) and B (17.2%) did. Donor B did not respond to G65, while Donor A 

(8.5%) and Donor C (29.5%) demonstrated different levels of cross-reactivity. Donor A 

responded to all six substituted peptides. We assume that these differences in cross-

reactivity in the three donors are probably due to differences in history of antigen exposure.

Cross-reactivity of the 147bp (L10) repertoire—Clonotypes with CDR3 L10 

normally use BJ1.2 and have a CDR3 motif of xG(S/V/A)Y, with the Y being encoded by 

BJ1.2. Only Donors A and B showed L10 responses to M158–66 (Fig. 3B and Suppl. Table 

II). For Donor A, the L10 clonotypes showed a large extent of cross-reactivity, as five 

substituted peptides were recognized. The fraction of M158–66 cross-reactive clonotypes in 

substituted peptides repertoires varies from 25.00% to 56.25%. For Donor B the fraction of 

cross-reactive clonotypes was also high (~50%), however only two substituted peptide were 

recognized. Comparison of the L10 data with the L11 data shows that the fraction of L10 

clonotypes that cross-react on the substituted peptides is more limited.

Cross-reactivity of the 153 bp (L12) repertoires—The L12 clonotypes in Donor C 

represent an unusual response to the M158–66 because it has never been reported before. The 

response at this CDR3 length is relatively oligoclonal and the clonotypes do not show any 

specific CDR3 amino acid motif (Suppl. Table II). However, they are also cross-reactive 

with the T63 peptide (71.4%) (Fig. 3C).

Summary of cross-reactivity in total BV19 repertoire—In Figure 3D we 

summarized data for all BV19 cross-reactive clonotypes. Overall, the data are similar to the 

L11 data (Fig. 3A) as a large portion of total BV19 repertoire is composed of L11 

clonotypes. Overall cross-reactivity for Donor A irrespective of peptide or CDR3 length is 

23.25%, for Donor B – 26.41% and for Donor C – 21.29%. Level of cross-reactivity for all 

three donors is very high, indicating that this is a general phenomenon.

Extent of cross-reactivity in the BV19 repertoires

The extent of cross-reactivity is a property of the clonotype and is based on the number of 

peptides repertoires in which the clonotype can be observed. If it is only observed once, then 

the clonotype is not-cross-reactive and the extent of cross-reactivity is zero.

To measure the extent of cross-reactivity for each donor, we plotted the relative frequency of 

clonotypes as a function of the number of peptides recognized (Fig. 4A). Most of the 

clonotypes were only observed in the M158–66 repertoire (extent of cross-reactivity is zero). 

The maximum extent of cross-reactivity was six for Donor A (one clonotype) and five for 

Donors B and C (one and two clonotypes, respectively). When the relation between the 

number of clonotype in any repertoire and extent of cross-reactivity was examined we found 
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a moderate correlation (r=0.54, 0.56, 0.51 for Donors A, B, and C, respectively) that was 

statistically significant (p<0.001) for each donor.

When examining the data it is evident that the relative frequency drops quickly as the 

number of peptides recognized increases. These results could be indicative of a power law-

like distribution. In a power law distribution the frequency (y) would change as a function of 

the number of peptide recognized (x) according to y = axb. The parameters a refers to the 

proportion of the clonotypes observed responding to one peptide and b to the rate at which 

the frequency drops. We can estimate these two parameters by plotting the natural log of the 

above equation, which gives ln y = ln a + b*ln x. This is the formula for a line with slope b 

and an intercept of ln a. We find that the ln frequency distribution of cross-reactive 

clonotypes in the repertoires of all three donors can be described by a power law (Fig. 4B). 

To summarize these data we combined the repertoires from all three donors and analyzed 

the distribution in a similar manner. The correlation between the data and estimated line for 

each data set was between 0.84 (p<0.05) to 0.93 (p<0.01). We estimated parameters for all 

three donors: b={−1.88±0.34 (p<0.01), −1.33±0.28 (p<0.01), −1.49±0.48 (p<0.01)}; 

a={4.26±0.46 (p<0.01), 3.92±0.35 (p<0.01), 3.90±0.60 (p<0.01)} and for the combined data 

set: b=−1.88±0.44 (p<0.01), a=4.26±0.61 (p<0.01). Data demonstrate a very good fit to a 

power law-like distribution. The slope (parameter b) is consistently negative and significant, 

indicating a rapid drop in representation of cross-reactive clonotypes as their rank increases: 

from 71% at the first rank to 11% at the second rank to 1.6% at the third and so forth. This 

behavior is observed in each donor and in a pooled repertoire.

Overall, stimulation of human PBMC with peptides substituted at TCR contact residues of 

M158–66 resulted in specific recall responses to at least five of the twelve peptides in all 

three donors studied with different degrees of clonality and cross-reactivity.

DISCUSSION

The data presented here provides a generalized measure of cross-reactivity of a well studied 

CD8 T cell response. Taking advantage of the polyclonality of the response to M158–66, we 

asked what fraction of BV19-expressing CD8 T cells that respond to influenza M158–66 will 

also respond to peptides that differ to varying extents at two TCR contact positions. The 

nature of our experiment made it likely that the cross-reactivity analyzed here represents the 

“structural degeneracy” model for TCR-MHC-peptide interaction (12). In keeping with this 

interpretation is our observation that of the twelve substitutions analyzed, the six that were 

recognized represented side-chains that were structurally related to the original.

The number of clonotypes in the M158–66 repertoire that can extend their recognition to this 

space is quite high, representing from ~45 to 58% depending on the subject analyzed. A 

large number clonotypes recognizing structurally related epitopes can be advantageous for 

recognition of novel pathogens after thymic involution and/or for protection against 

pathogen evasion by epitope drift.

The clonotypes that can recognize more than just the M158–66 peptide show for the most part 

the expected characteristics of clonotypes in this repertoire. Thus, there is not a special 
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subset of the repertoire that shows cross-reactivity. Interestingly, two of the most cross-

reactive clonotypes, sIYASd in Donor A and sTRGs in Donor B (Supplemental Table I), are 

not RS clonotypes. However, the most cross-reactive clonotypes in Donor C are RS 

clonotypes. There is also a restricted VA and JA gene association with this response (29) 

and it is possible that examination of cross-reactive clonotypes for α-chain usage may show 

specific characteristics associated with cross-reactivity.

While there are many examples of cross-reactive T cell clones (reviewed in 1, 12, 14, 30, 

31) so far few studies have attempted to measure the fraction of cross-reactive clonotypes in 

antigen-specific repertoires. There have been well documented examples of cross-reactive 

clonotypes. For example, mouse T cells specific to the VV-encoded a11r198–205 epitope 

could be cross-reactive with three different LCMV epitopes or one other VV epitope (10). 

Recently, M158–66 clonotypes that recognize the structurally dissimilar EBV-BMLF1280–288 

epitope were identified from a healthy donor (11). The cross-reactive and non-cross-reactive 

clonotypes had similar characteristics. While, tetramer staining showed that the proportion 

of cross-reactive T cells is low, it is not possible to calculate the fraction of BMLF1280–288 

cross-reactive clonotypes in the M158–66 repertoire from the data presented. Nevertheless, 

these data indicate that even structurally dissimilar epitopes can generate M158–66 cross-

reactive clonotypes. Ishizuka et al. (13) attempted to quantify T cell cross-reactivity to 

unrelated antigens by using 15 mouse and human CD8 T cell clones and exposing them to 

pools of peptides. They identified only a single cross-reaction for mouse TCR. Also, two 

cell lines, one alloreactive and the other anti-influenza, showed no cross-reactivity on the 

peptide pools. Their calculation of the probability of cross-reactivity for related peptides is 

0.003% (1/30,000), which is much lower than our data. We can only speculate that these 

measures are dependent on the nature of the clones examined. One factor that may have 

some bearing on this issue is that there maybe a relation between the presence of cross-

reactivity and the dominance of the particular epitope (10). If by dominance it is meant the 

high frequency of a monoclonal response our data is a counter example of this concept. In 

all three donors the highest frequency clonotype was cross-reactive. However, it is possible 

that the selection of T cell clones or hybridomas from less polyclonal repertoires favors 

dominant epitopes whose responding repertoires are less- or non-cross-reactive. The 

polyclonality itself may be a function of cross-reactivity.

The clonotypes that constitute the M158–66 repertoire show different extents of cross-

reactivity with ~50% not showing any, ~25% recognizing only one other peptide, and a 

deceasing number recognizing more than one. The ability to map this relation between 

clonotype number and extent of recognition to a power law-like distribution is in keeping 

with an affinity model in which the TCR structures that allow a large extent of cross-

reactivity are constrained. i.e. It becomes harder to find examples in TCR structure space of 

instances that allow a broader recognition of peptide-MHC space. The composite of the 

slope and intercept of the power law-like distribution may be defining the optimum 

relationship between the need for pathogen epitope specificity and the need for covering 

possible epitope variation, without straying into self-recognition. The need for the balance 

between specificity and crossreactivity stems from the finite number of TCR and the number 

of epitopes that need to be recognized. If this relationship is a general function of TCR 
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structure, we would expect to see similar parameters from analyses that subtly alter other 

previously encountered epitopes.

The ability of a clonotype to participate in more than one response (belong to more than one 

repertoire) can be envisioned as mapping out a cross-reactive network. We can gain a more 

detailed insight into cross-reactivity by examining the network of connections between the 

peptides recognized. For defining the cross-reactive network we combined the TCR data 

from all three donors. We borrowed the elementary node and edge concepts from graph 

theory to describe this network (Fig. 5). Each circle (node) defines the response to one of the 

peptides. Each line (edges) indicates the cross-reactive clonotype connection between any 

two peptides. For the M1 node we have also shown the number of clonotypes in entire 

repertoire (183) and in the subset of clonotypes that made these connections (89).

To quantify the description of this network we add the concept of connectivity, which has 

two parameters—strength and breadth. The strength of a connection is the count of the 

number of clonotypes in a line (Fig. 5, small circles). The thickness of the lines also reflects 

this number. The strongest connections are between M158–66 and S65 (61), and M158–66 and 

A65 (53). This forms a highly connected trio in that the connectivity between A65 and S65 

(33) is the third highest in the network. This implies that the M158–66 reactive clonotypes 

that can recognize one of these have a high chance of recognizing the other. The change of 

Thr65 to Ser can be considered structurally minimal, but that of Thr65 to Ala involves the 

loss of a solvent-exposed oxygen atom (Fig. 5, arrow pointing to changes in the structure). 

Nevertheless, there is sufficient similarity between these structures so that about one/sixth of 

the M158–66 repertoire (33/183) can recognize all three. The fourth strongest connection is 

M158–66 to I63 (32), although this does not define a tightly related subset as did the S65 and 

A65.

The number of connections defines the breadth of connectivity (also referred to as the 

index). By definition M158–66 makes six connections to the other peptides. However, it is 

striking that the network is completely connected, i.e. all nodes have a line leading to all 

nodes. This implies a very extensive connectivity between the M158–66 structure and these 

six related structures, a fact that may not have been expected. For example, of the twenty-

one clonotypes that recognize L63, about three quarters (15) also recognize S65. This 

involves the TCR accommodating a change in a different part of the interface. There were 

some exceptions that may have ramifications in thinking about the relation between this type 

of cross-reactivity and the structure and flexibility of TCR-peptide-MHC contacts. For 

example, a Val to Thr substitution at position 63 was tolerated, but not a Val to Ser 

substitution. Smaller side chains were well accepted at position 65 but not at 63. The fact 

that the network is completely connected also implies that there is a well-defined structural 

recognition boundary around this group of peptides. Not one of the 183 M158–66 clonotypes 

would recognize the Val63 to Ser change, even though Val63 to Thr and Thr65 to Ser were 

very well tolerated. This is also true for some of the other peptides analyzed. By studying 

these connectivity patterns, one can start to appreciate the subtlety of the patterns of cross-

reactivity evidenced. To actually map the connectivity of any one clonotype, the data in the 

supplementary tables should be consulted.
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We feel justified in pooling the data from all three donors because what is being examined 

here is a relation between the clonotype (TCR) and pMHC, independent of origin of the T 

cell. The only donor-specific changes are that the G65 and L63 responses were observed in 

two of three donors. This indicates that these results are generalizable to many if not all 

HLA-A2 individuals. Also it is important to point out that in the two donors that only 

recognized five substituted peptides the cross-reactive network is still completely connected.

Two of the substituted peptides that we tested were part of an alanine scan mutagenesis 

study by Berkhoff et al. (32). Both these substitutions decreased IFN-γ production and 

greatly reduced or eliminated cytotoxic responses by a M158–66 specific CTL clone. While 

these results are in keeping with our A65 peptide, they differ from our inability to observe 

cross-reactivity with the A63 peptide. Nevertheless, this study with mutant viruses indicates 

that cross-reactivity in this system can have functional consequences.

We have shown that for a particular highly conserved peptide epitope, the responding 

repertoire contains a portion of cross-reactive clonotypes recognizing a defined group 

structurally similar epitopes. This cross-reactivity results in a network whose connectivity 

can be quantified. We do not know the history of the exposures that led to the current 

network in these three donors, nor do we know if any of the MHC-peptide structures that we 

are investigating actually describe a previously encountered epitope. While the M158–66 

epitope is invariant in all flu strains, one formal possibility is that some of these epitopes are 

generated during an influenza infection by the inherent mutagenesis of influenza which 

could provide such epitopes yet produce non-viable viral progeny. Nevertheless, we would 

predict that any newly encountered pathogen generating an epitope whose shape 

corresponds to that of the peptides studied here, would find a pre-existing repertoire ready to 

respond to it.

Our ability to define such a network in recall responses in middle-aged donors has 

ramifications for thinking about how novel pathogens may be recognized. If a general 

phenomenon, cross-reactive networks of the type described here might provide coverage for 

novel pathogens as long as they produced in-network epitopes. Such networks could also 

provide for coverage of escape variants of known epitopes. Any cross-reactivity due to 

apparently structurally unrelated epitopes would add to these networks.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
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Figure 2. 
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Figure 3. 
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Figure 4. 
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Figure 5. 
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Table I

Amino acid substitutions at positions 63 and 65 in the peptides used for stimulation of human PBMC.

Peptide AA Sequence

M158–66 GILGFVFTL

A63 -----A---

L63 -----L---

I63 -----I---

T63 -----T---

S63 -----S---

R63 -----R---

K63 -----K---

A65 -------A-

S65 -------S-

G65 -------G-

N65 -------N-

D65 -------D-
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