
MAE 545: Lecture 24 (12/17)

Immune system
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Immune system

Immune system protects 
us from a diverse world 
of pathogens (viruses, 
bacteria) that are still 
evolving.
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Innate (nonspecific) immune system
Physical barriers

skin mucous membranes
(cover body cavities with exterior openings)
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Innate (nonspecific) immune system
Response to damaged tissues (inflammation)

injured tissues release 
chemical signals

increased leakiness of 
local blood vessels

(swelling)

phagocytes 
consume bacteria 
and tissue debris; 

tissue heals
Cells of innate immune system express receptors that 

recognize molecules that are broadly shared by pathogens.
Many pathogens have evolved to escape this recognition!
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Excess fluid containing tissue 
debris and pathogens is flushed 
through the lymphatic system.

Here this fluid gets cleaned and 
checked for pathogens before it 

is returned to blood stream.

Lymph nodes contain many 
lymphocytes (B and T cells) 
that check for pathogens. 

Lymphatic system
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virus

host cell

viral 
protein

distinct
receptor

B cell B cell

antibodies tag
viruses for removal 

viral 
peptides

peptide-MHC

T cell

distinct
receptor

killer T cells kill 
infected cells by 

releasing cytotoxins

Different B cells and T cells have different receptors and 
only those that are specific for pathogens get activated.

Adaptive immune system
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virus

host 
cell

antibodies

B cell B cell

T cell

Activated adaptive immune system

B cell 

B cell 

B cell 

Activated T cells
produce multiple

copies with identical 
receptors in order to 

quickly kill other 
infected cells.

Activated B cells start replicating and at the 
same time they also mutate their receptors 
in order to produce B cells whose receptors 

bind even more strongly to pathogens!
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virus

host 
cell

antibodies

B cell B cell

T cell

B cell 

B cell 

B cell 

after infection is cleared 
some B and T cells are 

converted to memory cells

Memory of past infection

vaccination
inject certain virus markers 
to prepare immune system 
for a fight against real virus
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Adaptive immunity in health and disease
Mis-regulation leads to 
autoimmune diseases

Combating infectious 
disease-causing agents

The challenge:  develop principles that govern the 
emergence of a sytemic immune or autoimmune 
response and design rules for therapies/vaccines

DiabetesMultiple Sclerosis

Outline
1. Mechanisms for T cell specificity for foreign peptides
2. Implications for the influence of host genetics on HIV control 
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Diversity of T cell receptors
In adults there are ~1012 T cells in total (~1010 T 

cells in blood) and there are ~108 distinct T cells.
Diverse T cell receptors are generated with VDJ recombination.

V1 V2 · · · D1D2 · · · J1J2 · · ·V3

DNA
V segments D segments J segments constant region

DNA region
encoding the T cell 

receptor (TCR)

random selection of 
V, D and J segments

Note: VDJ recombination is also responsible 
for huge diversity of B cell receptors.

random insertion 
and deletion of 

nucleotides
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virus

host cell

viral 
protein

viral 
peptides

T cell

distinct
receptor

self proteins

self 
peptides

T cells can recognize 
3-5 foreign peptides 
in a sea of ~30,000 

self peptides

Recognition: 
strong binding of T 

cell receptors to 
foreign peptides

T cell recognition of foreign
peptides is very sensitive
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AIRE (autoimmune regulator) causes transcription 
of a wide selection of genes/proteins in the thymus

thymus

ANRV408-PC61-14 ARI 25 February 2010 16:20

that complement experiments have recently taken steps toward the goal of answering how thymic
selection processes may tune the T cell repertoire. Huseby et al. (50) discovered that T cells that
develop in genetically altered mice that express only one type of self-pMHC in the thymus can be
stimulated, with relatively high probability, by point mutants of pathogen-derived pMHCs that
they recognize. In contrast, for T cells that develop in mice with many types of pMHC (∼103–104)
in the thymus, most such point mutations abrogate recognition (50).

To consider this difference in recognition properties due to the number of self-pMHCs present
in the thymus during T cell development, we present the following simple model (62, 63). The
pMHCs are divided into two parts, as shown in Figure 3b. TCRs comprise three loops. The
CDR1 and CDR2 loops largely make contact with MHC amino acids, whereas the CDR3 loop
contains almost all the peptide contact residues of the TCR. Therefore, the TCR is also divided
into two parts (Figure 3b). To assess which kinds of T cells survive thymic selection and their
properties vis-à-vis recognition of pathogen-derived pMHCs, one needs a way to estimate the free
energies of TCR-pMHC binding. Huseby et al. (49, 50) used inbred mice in their experiments, so
the MHC proteins were all the same. Although the CDR1 and CDR2 loops vary from one TCR
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T cells scan thymus gland for 4-5 days, where 
they are selected against ~103-104 self-peptides.

T cell development in the thymus
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T cell recognition of foreign peptide is 
both degenerate and specific

degeneracy - each TCR can be activated by many 
different foreign peptides

specificity - most single point amino acid mutations of 
the foreign peptide are not recognized by the same TCR

How does the thymus gland design T cell receptors that are 
self-tolerant and degenerate/specific for foreign peptides?
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Compare properties of T cells developed in normal mouse and in 
engineered mouse that express only one type of self peptide in thymus.

Find T cells that recognize a particular foreign peptide. Check whether 
T cells can recognize point amino acid mutations of the peptide.

Normal mouse - selection against many peptides 
selected T cells are specific to point mutations

Engineered mouse - selection against one peptide type  
selected T cells are cross-reactive to point mutations

E. Huseby et al., Cell 122, 247 (2005) 
E. Huseby et al., Nat. Immunol. 7, 1191 (2006)

Thymic selection against one or
many types of self peptides
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selection against 
many self-peptides

P2

P3

P5

P8

Cell
250

Cell
250

Cell
250

Cell
250

specific recognition

selection against 
one self-peptide

P2

P3

P5

P8

Cell
250

Cell
250

Cell
250

Cell
250

Cell
250

cross-reactive recognition

E. Huseby et al., Cell 122, 247 (2005)

Thymic selection against one or
many types of self peptides
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Eint

�
⌃t,⌃s

⇥
= Ec +

N⇤

i=1

J(ti, si)

TCR-peptide contacts: N � 5

⇥s

⇥t

TCR-peptide-MHC interaction free energy:

Miyazawa-
Jernigan

Thymus

collection of                       random peptidesM ⇥ 103 � 104

negative
selection

positive
selectionapoptosis

|Eint| > |En|

|Eint| > |Ep|

A. Košmrlj et al., PNAS 105, 16671 (2008) 
A. Košmrlj et al., PRL 103, 068103 (2009)

Model

randomly generated TCR sequences, where 
amino acids are chosen with probability fa 

with which they appear in human proteome.
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Miyazawa-Jernigan matrix describing 
interactions between amino acids
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Figure A-1: Amino acid frequencies in selected TCRs for the MJ matrix J . (a)
Color representation of the MJ interaction matrix in units of kBT . (b) Amino acid
frequencies in selected TCRs for selection against different numbers of self peptides
M . The abscissa is a list of amino acids ordered according to the maximum free
energy with which it interacts with all other amino acids.

use semi-random symmetric matrices with the same values of mean and variance as

the MJ matrix J and controlled differences between the largest values in each row.

In order to do that we construct a symmetric random matrix R, by first assigning

each matrix element a random uniformly distributed value from -1 to 0 and then

rescaling the matrix, such that the mean and the variance of the elements of matrices

J and R are the same. To control the differences between amino acid strengths we

use matrices of the form (1 − x)J + xR, where x ∈ [0, 1].

As shown in Figure A-1a there is a clear gradation of interaction free energies

(color scale in kBT units) in the MJ matrix, from the strong (lower left, blue color) to

weak (upper right, red color), enabling a clear ordering of the amino acids. For the MJ

matrix, the order of amino acids obtained by using the average interaction free energy

with other amino acids or that obtained by using the strongest interaction with other

amino acids is quite similar. Therefore, the computational results are unchanged

from that shown in Figure 2-5a if results using the MJ matrix are graphed with the

amino acids ordered according to their average interaction with other amino acids.

For random matrices (e.g., Figures A-2 and A-3), the average value of an amino acids

96

S. Miyazawa and R.L. Jernigan, 
J.Mol.Biol. 256, 623 (1996)

values of matrix J(a,b) in units of kBT

Miyazawa-Jernigan 
matrix was obtained 

by fitting the free 
energy values of 
folded proteins.
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 important contact: more 
than half of 19 amino acid 

mutations prevents recognition 
from the same TCR

cross-reactivity

self-peptides

specificity

Challenge selected TCRs with foreign peptide and check how 
good are they at recognizing mutations of foreign peptide.

Model recapitulates the specificity/cross-
reactivity results from mice experiments
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Surviving T cells: |Eint| < |En| for all peptides; |Eint| > |Ep| for at least one peptide
Selection condition is equivalent to the choice of the Extreme Value

negative selection

positive selection

apoptosis

|Ep| |En|

|Ep| < max
⇧s�M

⇤
|Eint

�
⌃t,⌃s

⇥
|
⌅

< |En|

Thymus
What kind of 

TCRs are 
selected?

negative
selection

positive
selectionapoptosis

|Eint| > |En|

|Eint| > |Ep|

Selection condition -
extreme value problem 
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EN Ep

Selection condition for TCR

Probability of TCR selection:

Eint

�
⌃t,⌃s

⇥
= Ec +

N⇤

i=1

J(ti, si) negative
selection

positive
selection

apoptosis

increasing M
(self-peptides)

TCRs with
weaker

amino acids

Properties of �(x|⇤t )

E0(⌅t ) = Ec +
N�

i=1

E(ti)�

⌅⇤⇤⇥2 lnM
N�

i=1

V(ti)

�0(⇧t ) =

⌅⇤⇤⇥�2

N�

i=1

V(ti)/12 lnM

mean value: 

standard deviation: V(a) = ⌅[J(a, b) � E(a)]2⇧b

E(a) = ⇥J(a, b)⇤b

⇥t

En < min
⇧s�M

⇤
Eint

�
⌃t,⌃s

⇥⌅
< Ep

Psel

�
⇧t
⇥

=
⇤ Ep

En

�
�
x|⇧t

⇥
dx

�
�
x|�t

⇥
= M�

�
x|�t

⇥ �
1� P

�
E < x|�t

⇥ ⇥M�1

strong weak

�(Eint|⌅t )

A. Košmrlj et al., PRL 103, 068103 (2009)

En Ep

Extreme value distribution
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EN Ep

E0(⌅t ) = Ec +
N�

i=1

E(ti)�

⌅⇤⇤⇥2 lnM
N�

i=1

V(ti)

�0(⇧t ) =

⌅⇤⇤⇥�2

N�

i=1

V(ti)/12 lnM

Selection condition for TCR

O(N)

Scaling in the large peptide (N) limit:

O(1)

like micro-canonical constraint 
in Statistical Physics

mean value: 

standard deviation: 

⇥t

p(⇧t ) ⇥ exp
�
��E0(⇧t )

⇥

{Ec, Ep, En, lnM} � N

En < E0

�
⌅t
⇥

< Ep

Probability of selection:

� > 0

� < 0

STRONG AA

WEAK AA

Amino acid composition of selected TCRs:

f (sel)
a =

fa exp
⇤
� �

�
E(a)� ⇥V(a)

⇥⌅
⇧20

b=1 fb exp
⇤
� �

�
E(b)� ⇥V(b)

⇥⌅

A. Košmrlj et al., PRL 103, 068103 (2009)

The limit of large peptides (N)
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(E. Shakhnovich et al., PLoS, 2007)
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Selected TCRs are enriched
with weak amino acids
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‘‘Weak” peptide contact residues on TCR must bind a 
sufficient number of its stronger complementary amino 
acids for recognition via multiple moderate interactions 

Specificity:

Degeneracy:

L
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TCR
foreign peptide

Point mutations 
abrogate recognition

st
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Many mutations 
sustain recognition

TCR
foreign peptide

Selection against one peptide - only few important contacts  
TCR

foreign peptide

TCR recognition of foreign peptide
is both specific and degenerate
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many self peptides one self peptide

change of binding free 
energy between TCRs 
and peptides with single 
amino acid change

Thymic selection 
against

specific T cells:
many important 
contacts where 
mutations abrogate 
recognition

cross-reactive T cells:
only mutations at the few 
important contacts 
abrogate recognition

0.8–1.5 kcal/mol, or 1.5 kcal/mol or more, respectively). When
‘mapped’ onto the structure of I-Ab + 3K, the side chains contributing
most of the free energy of binding to each TCR comprised a relatively
contiguous patch (Fig. 4a–e).
Those data collectively indicated that the cross-reactive TCRs

bound fewer side chains of the MHC-peptide complex with high
affinity than did the specific TCRs. However, the size and location of
the interface with I-Ab + 3K of the specific and cross-reactive TCRs
was similar. Thus, the cross-reactive TCRs either generated a very large
amount of binding energy from just a few side chains or generated
more binding energy from main-chain positions of the MHC-peptide
complex than did MHC-peptide–specific TCRs. In either case, the
cross-reactive TCRs required relatively fewer side chains of the MHC-
peptide interface to generate sufficient binding energy for the

activation of T cells, which probably contributed to their relative
cross-reactivity.

Identification of inhibitory side chains of the peptide and MHC
In a few cases, the alanine substitution increased rather than decreased
the strength of binding between the TCR and the MHC-peptide
complex. For example, the 75-1 and 2W20.4 TCRs had a very large
increase in the strength of binding to I-Ab + 3K (DDG values of
–1.2 kcal/mol and –2.0 kcal/mol, respectively; Table 1) when position
‘–1’ of the peptide was replaced with alanine, indicating that the
glutamic acid at position ‘–1’ of the ‘parental’ side chain actually
inhibited the binding of those TCRs. Likewise, analysis of the effects of
alanine substitution in I-Ab showed that the replacement of aspartic
acid with alanine at position 55 of I-Ab increased the energy of

Table 2 MHC plus peptide side chains contributing substantial or moderate binding energy

TCR Peptide MHC

Peptide

(Z1.5 kcal/mol)

MHC

(Z1.5 kcal/mol)

Total

(Z1.5 kcal/mol)

Peptide

(Z0.8 kcal/mol)

MHC

(Z0.8 kcal/mol)

Total

(Z0.8 kcal/mol)

B3K506 Specific Specific 4 3 7 4 5 9

B3K508 Specific Specific 4 4a 8 5 4 9

YAe62.8 Cross-reactive Cross-reactive 1 1 2 3 5 8

75-1 Cross-reactive Cross-reactive 2 2 4 3 5 8

2W20.4 Specific Cross-reactive 2 0 2 2 6 8

Binding energies were calculated from surface plasmon resonance (peptide mutants) or TCR multimer staining (I-Ab mutants) by comparison of the binding of TCR to wild-type
I-Ab + 3K versus I-Ab + 3K with alanine substitution.
aFour side chains contributed more than 1.3 kcal/mol of binding energy, the limit of detection for this TCR by multimer staining.
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Figure 3 The DDG for TCRs binding to I-Ab + 3K with amino acid substitutions at each of the five potential TCR contact residues of the I-Ab a-chain,
peptide and I-Ab b-chain. (a) The 15 amino acid residues of I-Ab + 3K substituted here29. (b–f) DDG data for the B3K506 TCR (b), B3K508 TCR (c),
YAe62.8 TCR (d), 75-1 TCR (e) and 2W20.4 TCR (f). Top row, I-Ab a-chain residues (left to right, a55, a57, a61, a64 and a68); middle row, peptide
(left to right, positions ‘–1’, 2, 3, 5 and 8); bottom row, I-Ab b-chain (left to right, b81, b77, b73, b70 and b66). Letters under bars indicate amino acids
after substitution. The DDG values are those measured by surface plasmon resonance (Table 1) or, if not directly measured, calculated from TCR multimer
staining using the standard curve (Fig. 2). Each substitution mutant of I-Ab + 3K was stained at least three independent times with the same settings
(error bars, s.d. of the independent measurements).
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0.8–1.5 kcal/mol, or 1.5 kcal/mol or more, respectively). When
‘mapped’ onto the structure of I-Ab + 3K, the side chains contributing
most of the free energy of binding to each TCR comprised a relatively
contiguous patch (Fig. 4a–e).
Those data collectively indicated that the cross-reactive TCRs

bound fewer side chains of the MHC-peptide complex with high
affinity than did the specific TCRs. However, the size and location of
the interface with I-Ab + 3K of the specific and cross-reactive TCRs
was similar. Thus, the cross-reactive TCRs either generated a very large
amount of binding energy from just a few side chains or generated
more binding energy from main-chain positions of the MHC-peptide
complex than did MHC-peptide–specific TCRs. In either case, the
cross-reactive TCRs required relatively fewer side chains of the MHC-
peptide interface to generate sufficient binding energy for the

activation of T cells, which probably contributed to their relative
cross-reactivity.

Identification of inhibitory side chains of the peptide and MHC
In a few cases, the alanine substitution increased rather than decreased
the strength of binding between the TCR and the MHC-peptide
complex. For example, the 75-1 and 2W20.4 TCRs had a very large
increase in the strength of binding to I-Ab + 3K (DDG values of
–1.2 kcal/mol and –2.0 kcal/mol, respectively; Table 1) when position
‘–1’ of the peptide was replaced with alanine, indicating that the
glutamic acid at position ‘–1’ of the ‘parental’ side chain actually
inhibited the binding of those TCRs. Likewise, analysis of the effects of
alanine substitution in I-Ab showed that the replacement of aspartic
acid with alanine at position 55 of I-Ab increased the energy of

Table 2 MHC plus peptide side chains contributing substantial or moderate binding energy

TCR Peptide MHC

Peptide

(Z1.5 kcal/mol)

MHC

(Z1.5 kcal/mol)

Total

(Z1.5 kcal/mol)

Peptide

(Z0.8 kcal/mol)

MHC

(Z0.8 kcal/mol)

Total

(Z0.8 kcal/mol)

B3K506 Specific Specific 4 3 7 4 5 9

B3K508 Specific Specific 4 4a 8 5 4 9

YAe62.8 Cross-reactive Cross-reactive 1 1 2 3 5 8

75-1 Cross-reactive Cross-reactive 2 2 4 3 5 8

2W20.4 Specific Cross-reactive 2 0 2 2 6 8

Binding energies were calculated from surface plasmon resonance (peptide mutants) or TCR multimer staining (I-Ab mutants) by comparison of the binding of TCR to wild-type
I-Ab + 3K versus I-Ab + 3K with alanine substitution.
aFour side chains contributed more than 1.3 kcal/mol of binding energy, the limit of detection for this TCR by multimer staining.
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Figure 3 The DDG for TCRs binding to I-Ab + 3K with amino acid substitutions at each of the five potential TCR contact residues of the I-Ab a-chain,
peptide and I-Ab b-chain. (a) The 15 amino acid residues of I-Ab + 3K substituted here29. (b–f) DDG data for the B3K506 TCR (b), B3K508 TCR (c),
YAe62.8 TCR (d), 75-1 TCR (e) and 2W20.4 TCR (f). Top row, I-Ab a-chain residues (left to right, a55, a57, a61, a64 and a68); middle row, peptide
(left to right, positions ‘–1’, 2, 3, 5 and 8); bottom row, I-Ab b-chain (left to right, b81, b77, b73, b70 and b66). Letters under bars indicate amino acids
after substitution. The DDG values are those measured by surface plasmon resonance (Table 1) or, if not directly measured, calculated from TCR multimer
staining using the standard curve (Fig. 2). Each substitution mutant of I-Ab + 3K was stained at least three independent times with the same settings
(error bars, s.d. of the independent measurements).
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Enzyme and substrate fit together like a lock and key.

MHC 

TCR bar code

TCR like a bar code scanner -
“counts” the number of moderate interactions

TCR specificity ~ statistical scan of a “bar code”
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HIV

The HIV/AIDS epidemic
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HIV T cell

high mutation rate

high 
production 
rate of new 
HIV virions

(~1010 per day)

Highly mutating HIV may quickly produce mutants, 
that cannot be detected by immune system.

HIV hurts immune system by
infecting and killing T cells
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Current drug therapies can prevent infection of new T 
cells, but they cannot remove already infected T cells. 

When therapy is stopped, virus can become active again.

Highly active anti-retroviral therapy (HAART)
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(from Wikipedia)
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that complement experiments have recently taken steps toward the goal of answering how thymic
selection processes may tune the T cell repertoire. Huseby et al. (50) discovered that T cells that
develop in genetically altered mice that express only one type of self-pMHC in the thymus can be
stimulated, with relatively high probability, by point mutants of pathogen-derived pMHCs that
they recognize. In contrast, for T cells that develop in mice with many types of pMHC (∼103–104)
in the thymus, most such point mutations abrogate recognition (50).

To consider this difference in recognition properties due to the number of self-pMHCs present
in the thymus during T cell development, we present the following simple model (62, 63). The
pMHCs are divided into two parts, as shown in Figure 3b. TCRs comprise three loops. The
CDR1 and CDR2 loops largely make contact with MHC amino acids, whereas the CDR3 loop
contains almost all the peptide contact residues of the TCR. Therefore, the TCR is also divided
into two parts (Figure 3b). To assess which kinds of T cells survive thymic selection and their
properties vis-à-vis recognition of pathogen-derived pMHCs, one needs a way to estimate the free
energies of TCR-pMHC binding. Huseby et al. (49, 50) used inbred mice in their experiments, so
the MHC proteins were all the same. Although the CDR1 and CDR2 loops vary from one TCR
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• Generate all possible peptides from the human 
proteome and use predictive algorithms to 
determine how many types of peptides bind to each 
HLA-B type 

• HLA-B57 binds ~ 2-3 times fewer types of self 
peptides derived from human proteome than a 
typical HLA-B type and ~5-6 times fewer than HLA-
B types that are associated with faster progression 
to AIDS. 

• rhesus macaques: Mamu-B*17 allele (protective for 
SIV) binds ~ 4-10 times fewer types of peptides than 
other Mamu alleles

Immune Epitope Database 
(http://www.immuneepitope.org)
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that complement experiments have recently taken steps toward the goal of answering how thymic
selection processes may tune the T cell repertoire. Huseby et al. (50) discovered that T cells that
develop in genetically altered mice that express only one type of self-pMHC in the thymus can be
stimulated, with relatively high probability, by point mutants of pathogen-derived pMHCs that
they recognize. In contrast, for T cells that develop in mice with many types of pMHC (∼103–104)
in the thymus, most such point mutations abrogate recognition (50).

To consider this difference in recognition properties due to the number of self-pMHCs present
in the thymus during T cell development, we present the following simple model (62, 63). The
pMHCs are divided into two parts, as shown in Figure 3b. TCRs comprise three loops. The
CDR1 and CDR2 loops largely make contact with MHC amino acids, whereas the CDR3 loop
contains almost all the peptide contact residues of the TCR. Therefore, the TCR is also divided
into two parts (Figure 3b). To assess which kinds of T cells survive thymic selection and their
properties vis-à-vis recognition of pathogen-derived pMHCs, one needs a way to estimate the free
energies of TCR-pMHC binding. Huseby et al. (49, 50) used inbred mice in their experiments, so
the MHC proteins were all the same. Although the CDR1 and CDR2 loops vary from one TCR
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A. Košmrlj et al., Nature 465, 350 (2010)

HLA-B57 binds fewer types of self peptides

http://www.immuneepitope.org
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 important contact: more 
than half of 19 amino acid 

mutations abrogates 
recognition

The mature T cells that emerged from these in silico thymic selec-
tion experiments were then computationally challenged by a viral
peptide (that is, not seen in the thymus) bound to the same HLA
type. T cells that recognize this peptide–HLA complex were obtained
by assessing whether the interaction strength exceeded the negative
selection threshold (shown to be equal to the recognition threshold in
mouse models12); qualitative results are invariant if the recognition
threshold is not much weaker than that corresponding to negative
selection (Supplementary Fig. 3). Cross-reactivity of these T cells was
then determined in silico bymutating each TCR contact residue of the
peptide to the other 19 possibilities. Sites on the viral peptide were
called ‘important contacts’ if half the mutations therein abrogated
recognition by T cells that target this epitope. The frequency of the
number of important contacts in viral peptides that determine T-cell
recognition was obtained by repeating this procedure 1,000 times
with different choices of thymocytes and self and foreign peptides.

Our calculations predict that a T-cell repertoire restricted by an
HLA molecule such as HLA-B*5701, which presents fewer self pep-
tides in the thymus, has a higher frequency of occurrence of T cells
that recognize viral peptides through smaller numbers of important
contacts (Fig. 1a). In contrast, the frequency of occurrence of T cells

that recognize viral peptides through many important contacts is
larger for repertoires restricted by HLA alleles that present a greater
diversity of self peptides in the thymus (data not shown for .four
contacts).Mutations at sites different from the important contacts do
not affect binding strength substantially. Therefore, when the inter-
action between peptide–HLA and TCR is mediated by fewer import-
ant contacts, a larger number of possible point mutations of the
peptide do not affect peptide recognition, thereby making the T cells
more cross-reactive to mutants that arise. Thus, the HLA-B57-
restricted T-cell repertoire is expected to be more cross-reactive to
mutants of targeted viral peptides than repertoires restricted by HLA
alleles that present a greater diversity of self peptides.

Our computational models give this qualitative mechanistic
insight, but do not provide quantitative estimates of the extent of
this enhanced cross-reactivity of T cells. However, compelling experi-
mental data13 has shown that the effect revealed by our studies is
important in humans. Peripheral blood mononuclear cells from
patients expressing HLA-B57 contained CTLs that were more
cross-reactive to various HIV epitopes and their point mutants than
those of HLA-B8-positive patients. HLA-B8 is associated with rapid
progression to disease13, and the most accurate algorithm for peptide
binding suggests that the HLA-B8 molecule binds a greater diversity
of self peptides than HLA-B57 (Supplementary Fig. 4 and
Supplementary Table 1). Other experimental studies also show that
patients expressing HLA-B57 cross-recognize point mutants of the
dominant epitope and use more public TCRs14,15.

Next, we computed interaction strengths between diverse viral
peptides and members of T-cell repertoires restricted by HLA mole-
cules that present differing numbers of self peptides in the thymus.
This allowed us to obtain the probability with which a randomly
picked T-cell clone and viral peptide will interact sufficiently strongly
for recognition to occur. The results (Fig. 1b) indicate that a typical
CD81 T cell restricted by an HLA molecule such as HLA-B*5701,
which presents fewer peptides in the thymus, has a higher probability
of recognizing a viral epitope compared to a T cell restricted by other
HLAmolecules. Thus, more HLA-B*5701-restricted T cell clones are
likely to recognize a viral epitope, making effective precursor fre-
quencies higher in an HLA-B*5701-restricted repertoire (a strong
predictor of response magnitude16). A greater precursor frequency
for viral epitopes in the naive repertoire restricted by HLA-B57 is
indicated by experimental results showing that HLA-B*5701 contri-
butes the most to acute-phase CTL responses of all HLA alleles
tested17.

The results in Fig. 1 stem from the constraint that thymocytesmust
avoid being negatively selected by each self-peptide–HLA complex
encountered during development in the thymus. T cells expressing
TCRs with peptide contact residues composed of amino acids that
interact strongly with other amino acids (for example, charged resi-
dues, flexible side chains) have a high probability of binding to a self
peptide strongly. The greater the diversity of self peptides presented
in the thymus, the higher the chance that a TCR with such peptide
contact residues will encounter a self peptide with which strong
interactions will result in negative selection. Thus, as the diversity
of self peptides presented in the thymus increases, the peptide contact
residues of TCRs in the mature T-cell repertoire are increasingly
enriched in weakly interacting amino acids (Supplementary Fig. 5).
T cells bearing TCRs with weakly interacting peptide contact residues
recognize viral peptides by means of several moderate interactions,
making many contacts important for recognition. In contrast, TCRs
with peptide contact residues containing strongly interacting amino
acids are more likely to recognize viral peptides through a few
important contacts mediated by these residues, making recognition
cross-reactive to mutations at other peptide sites. These mechanistic
insights are supported by experimental results7,9 (Supplementary
Discussion 2).

By studying amodel of host–pathogen dynamics that builds on past
models of host–HIV interactions18–20, we explored the consequences
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Figure 1 | Thymic selection against fewer self peptides leads to a more
cross-reactive T-cell repertoire. a, Histogramof the frequency with which T
cells recognize viral peptides (that is, not seen in the thymus) through only a
small number (0, 1, 2, 3) of important contacts is shown for three T-cell
repertoires that developed with different numbers of self-peptide–HLA
complexes in the thymus. Important contacts were determined by making
single point mutations. If the TCR–peptide–HLA interaction is sufficiently
strong, no single point mutation can abrogate recognition, resulting in zero
important contacts. A higher frequency of occurrence of a small number of
important contacts indicates a more cross-reactive T-cell repertoire because
only mutations at these contacts are likely to abrogate recognition. The
frequency with which T cells recognize viral peptides through many
significant contacts (greater than four) is larger for T-cell repertoires
restricted by HLA alleles that present more self peptides in the thymus (not
shown). b, The probability that a TCR binds to viral peptides with a certain
interaction strength is shown for three T-cell repertoires (as in a). A
particular TCR recognizes a viral peptide when the binding strength exceeds
the recognition threshold (dotted black line). Members of a T-cell repertoire
selected against fewer self peptides are more likely to recognize a viral
peptide. The model we used describes qualitative trends robustly9,10

(Methods), but is not meant to be quantitatively accurate.
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T cell repertoire in a HLA-B57 individual is more
cross-reactive to mutants of targeted viral epitopes 
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that complement experiments have recently taken steps toward the goal of answering how thymic
selection processes may tune the T cell repertoire. Huseby et al. (50) discovered that T cells that
develop in genetically altered mice that express only one type of self-pMHC in the thymus can be
stimulated, with relatively high probability, by point mutants of pathogen-derived pMHCs that
they recognize. In contrast, for T cells that develop in mice with many types of pMHC (∼103–104)
in the thymus, most such point mutations abrogate recognition (50).

To consider this difference in recognition properties due to the number of self-pMHCs present
in the thymus during T cell development, we present the following simple model (62, 63). The
pMHCs are divided into two parts, as shown in Figure 3b. TCRs comprise three loops. The
CDR1 and CDR2 loops largely make contact with MHC amino acids, whereas the CDR3 loop
contains almost all the peptide contact residues of the TCR. Therefore, the TCR is also divided
into two parts (Figure 3b). To assess which kinds of T cells survive thymic selection and their
properties vis-à-vis recognition of pathogen-derived pMHCs, one needs a way to estimate the free
energies of TCR-pMHC binding. Huseby et al. (49, 50) used inbred mice in their experiments, so
the MHC proteins were all the same. Although the CDR1 and CDR2 loops vary from one TCR
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E. Turnbull et al., J. Immunol. 176, 6130 (2006)

HLA-B57 individuals infected with HIV
seem to have more cross-reactive TCRs
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that complement experiments have recently taken steps toward the goal of answering how thymic
selection processes may tune the T cell repertoire. Huseby et al. (50) discovered that T cells that
develop in genetically altered mice that express only one type of self-pMHC in the thymus can be
stimulated, with relatively high probability, by point mutants of pathogen-derived pMHCs that
they recognize. In contrast, for T cells that develop in mice with many types of pMHC (∼103–104)
in the thymus, most such point mutations abrogate recognition (50).

To consider this difference in recognition properties due to the number of self-pMHCs present
in the thymus during T cell development, we present the following simple model (62, 63). The
pMHCs are divided into two parts, as shown in Figure 3b. TCRs comprise three loops. The
CDR1 and CDR2 loops largely make contact with MHC amino acids, whereas the CDR3 loop
contains almost all the peptide contact residues of the TCR. Therefore, the TCR is also divided
into two parts (Figure 3b). To assess which kinds of T cells survive thymic selection and their
properties vis-à-vis recognition of pathogen-derived pMHCs, one needs a way to estimate the free
energies of TCR-pMHC binding. Huseby et al. (49, 50) used inbred mice in their experiments, so
the MHC proteins were all the same. Although the CDR1 and CDR2 loops vary from one TCR
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• How can TCR recognition of foreign peptides be both 
degenerate and specific?

• TCRs are enriched with weakly interacting amino acids. 
TCR recognition of foreign peptide occurs via multiple 
moderate contacts, each of which has a significant 
contribution. Breaking any contact by mutating the 
peptide may prevent recognition (specificity), but there 
are several different peptides that can be recognized 
(degeneracy).

• Certain MHC types (HLA-B57) appear more frequently in 
HIV elite controllers. These MHC types bind fewer types of 
self peptides. T cells developed against fewer self 
peptides are better at recognizing mutations of foreign 
peptides.

Summary
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that complement experiments have recently taken steps toward the goal of answering how thymic
selection processes may tune the T cell repertoire. Huseby et al. (50) discovered that T cells that
develop in genetically altered mice that express only one type of self-pMHC in the thymus can be
stimulated, with relatively high probability, by point mutants of pathogen-derived pMHCs that
they recognize. In contrast, for T cells that develop in mice with many types of pMHC (∼103–104)
in the thymus, most such point mutations abrogate recognition (50).

To consider this difference in recognition properties due to the number of self-pMHCs present
in the thymus during T cell development, we present the following simple model (62, 63). The
pMHCs are divided into two parts, as shown in Figure 3b. TCRs comprise three loops. The
CDR1 and CDR2 loops largely make contact with MHC amino acids, whereas the CDR3 loop
contains almost all the peptide contact residues of the TCR. Therefore, the TCR is also divided
into two parts (Figure 3b). To assess which kinds of T cells survive thymic selection and their
properties vis-à-vis recognition of pathogen-derived pMHCs, one needs a way to estimate the free
energies of TCR-pMHC binding. Huseby et al. (49, 50) used inbred mice in their experiments, so
the MHC proteins were all the same. Although the CDR1 and CDR2 loops vary from one TCR

b c

Strong WeakAmino acids

O
ut

pu
t f

re
qu

en
cy

/in
pu

t f
re

qu
en

cy

A few self-peptides
Many self-peptides

1       3      5       7      9      11    13    15    17    19

3

2.5

2

1.5

1

0.5

0

d

Specificity

Degeneracy

TCR

Peptide

e
6

4

2

0

–2

–4

–6

3

2.5

2

1.5

1

0.5

–8          –7          –6          –5          –4          –3          –2
(En – Ec)/N

ln
(M

)/
N

CDR1,2   CDR3   CDR1,2

A  I  T N D G

C  L P F  E  R

TCR
Peptide
MHC

β[(κBT)–1]

Weak
amino acid

Strong
amino acid

a
ApoptosisThymus

Thymocyte Mature T cell

Negative selection

Positive selection

Thymic APC
presenting self

p-MHCs

www.annualreviews.org • Statistical Mechanical Concepts in Immunology 291

A
n
n
u
. 
R

ev
. 
P

h
y
s.

 C
h
em

. 
2
0
1
0
.6

1
:2

8
3
-3

0
3
. 
D

o
w

n
lo

ad
ed

 f
ro

m
 a

rj
o
u
rn

al
s.

an
n
u
al

re
v
ie

w
s.

o
rg

b
y
 M

A
S

S
A

C
H

U
S

E
T

T
S

 I
N

S
T

IT
U

T
E

 O
F

 T
E

C
H

N
O

L
O

G
Y

 o
n
 0

5
/2

9
/1

0
. 
F

o
r 

p
er

so
n
al

 u
se

 o
n
ly

.

What happens if some self peptides are not 
presented during the development in thymus? 
How different should these missing peptides 
be from other self peptides, so that immune 

system treats them as foreign? 

Why certain viral infections evolve the immune 
system to a state that is more prone for 

autoimmunity? Are these viral peptides correlated 
with self peptides from attacked tissues?

Certain MHC types are associated with higher risk 
for autoimmune diseases. How these particular 

MHC types affect the development in thymus and 
evolution in response to viral infections?

thymus

Epstein-Barr 
virus

Autoimmune diseases
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Questions about final projects?

Due Tuesday, Jan 12, in 
paper or electronic form.

I am traveling from Dec 24-Jan 5

During that period you can reach me via

email: andrej@princeton.edu
skype: akosmrlj

mailto:andrej@princeton.edu

