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Explain to you how the adaptive immune system works.

This will be a complexity story of random detectors 

that are storing decisions and keeping life-long memories.

We will make a random virus detector based upon immune principles.

This virus scanner can detect unknown viruses (it knows the unknowns).



The adaptive immune system is made of lymphocytes 
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Lymphocytes are white blood cells.  About 1012 cells (1 kg).  

They reside in various tissues and circulate via blood and lymph.

Special tissues: lymph nodes, bone marrow, thymus, and spleen.

B lymphocytes are born in the bone marrow and produce antibodies.

T lymphocytes are born in the thymus and kill aberrant cells.

Lymphocytes express a randomly generated protein 

that randomly binds a very small fraction of all possible proteins.  

This random protein is called the lymphocyte receptor.



Monocyte Lymphocyte Neutrophil



Naive lymphocytes

Memory lymphocytes

Clonal
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ProteinRNA  DNA  

DNA makes RNA makes protein

How can104 genes make 108 proteins?



Eiwit  

A C

Protein  RNA  recombined DNA  

Variable (V), diversity (D), joining (J) 
gene regions each containing many 
variants: diversity by combinatorics, 

and random insertions and deletions 

Vi

Ji

DNA fragments recombine 
into >108 different genes that 
can nowadays be sequenced 
from blood samples, and be 

error-corrected by 
bioinformatics



B cells produce 
their receptor as 

antibody



T cells kill by cell-to-cell contacts 



Special molecules (MHC) sample content of cell and present those on cell surface

Eric Reits

Nature Reviews Immunology 2003. 

doi:10.1038/nri1250



This seems relatively simple
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Distributed system of 1011 cells each expressing a random receptor.

Upon detecting a foreign protein about one in 105 receptors “fires”.

These rare cells get amplified by cell division 

and form a large clone of cells expressing the same receptor.

Effector cells of this large clone circulate and clear the invader.

This accounts for memory because a subsequent response to the same protein 
starts with much larger initial numbers.

(Memory cells are dynamically maintained for life)

Problem ? 



A simple mathematical model



S number of self epitopes evoking tolerance (105) [Burroughs.i04]
R0 potential repertoire (before tolerance) (huge: 1012 cells)
R “functional” repertoire after tolerance (> 109) [Qi.pnas14]
p recognition probability (precursor freq. 10-5) [Blattman.jem02, Su.i13]

A first model (DeBoer.prsl93)

S number of self epitopes evoking tolerance (105)
R0 potential repertoire (before tolerance)
R “functional” repertoire after tolerance (> 108)
p lymphocyte recognition probability (precursor frequency)

Probability of responding to foreign epitope:

Pi = 1� (1� p)R

where

R = R0(1� p)S

Accommodates two problems: recognition and deletion.
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Probability of responding to a foreign epitope:

Size of functional repertoire:

Taking the derivative of Pi to p gives the optimum

The “optimal” specificity

We had

Pi = 1� (1� p)R0(1�p)S

This probability of responding, Pi, has its maximum at

p =
1

S
⇥ 10�5

Thus specificity seems determined by number of self epitopes
(DeBoer.prsl93,Whitaker.jtb93,Nemazee.it96,Borghans.ji99).
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Central tolerance

R = R0PS = R0e-pS



A very broad optimum
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Immune response to self tissues are inappropriate
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R0 = 109

S = 105

The “optimal” specificity

We had

Pi = 1� (1� p)R0(1�p)S

This probability of responding, Pi, has its maximum at

p =
1

S
⇥ 10�5

Thus specificity seems determined by number of self epitopes
(DeBoer.prsl93,Whitaker.jtb93,Nemazee.it96,Borghans.ji99).
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Receptors have to specific to avoid massive deletion [De Boer, Perelson, Borghans, 1993, 1999]

Optimize (Pi’=0):

1012

p = 10-5



Required repertoire investment
With a recognition probability of p per clone, one 

expects a response to every challenge when R = 1/p. 
Hence:

once it mounts an immune response to at least one of the epitopes. If there are n epitopes in a typical
pathogen, the probability of ‘at least one response’ can be written P0i = 1 � (1 � Pi)n, i.e., one minus the
probability of no response to all n epitopes. This expression is available as the function Pin() in the Pi.R file
(for the default value n = 1 this is identical to the Pi() function). What is now the optimum and does this
narrow down the range of “good" immune systems?

d. Since most vertebrate species have a large genome, our estimate of about S = 105 self epitopes seems quite
general. This suggests that the evolution of the adaptive immune system had to start with quite specific
lymphocytes, and hence a large repertoire to be functional. One of the smallest vertebrates is the fish species
Paedocypris, which is known to have about R = 37000 T cells, and about 12000 self proteins (Giorgetti et al.,
2021). With say 10 epitopes per protein the latter would indeed make S = 105 a reasonable estimate. What
would be the probability, Pi, of an immune response to a foreign epitope for these fish?

Exercise 2 Required diversity of R0

One criticism that one may have on the two models optimizing the specificity of immune responses is that we
have fixed the diversity of the pre-selection repertoire, R0. One could argue that the loss of clonotypes due to
negative selection can be compensated for by recombining novel receptors, i.e., by increasing R0. One answer
to this criticism would be that the R0 defined in the models is the ‘life time’ pre-selection repertoire, i.e., the total
number of unique receptors expected to be made. One can also address this criticism by changing the question
of an optimal immune response into the question ‘How large would R0 have to be if one were to demand an
immune response to almost every foreign antigen?’ In other words, ‘How large an investment should a species
make to achieve a protective functional repertoire?’ For this we only need Eq. (1) defining the diversity of the
tolerized repertoire. One could argue that this repertoire becomes protective when every foreign antigen has a
fair chance to be recognized by the repertoire as a whole. With a recognition probability of p per clone, this is
achieved when R ' 1/p, as at that diversity each antigen is expected to be recognized by exactly one clone. To
address the question how diverse R0 would have to be, we substitute R = 1/p in Eq. (1) and solve for R0,

1
p
= R0(1 � p)S ' R0e�pS or R0 =

1
p(1 � p)S '

epS

p
. (12)

This expression is provided as the function R0() in the R script.
a. How does the required diversity of the pre-selection repertoire depend on the specificity of its lymphocytes?
b. What do you think of the criticism that one can always generate novel clonotypes to fill up the functional

repertoire?
c. How does the required R0 depend on the number of self antigens?
d. Suppose every pathogen expresses several antigens (or epitopes), and at least one response would be

su�cient. How would that change the required investment in R0?

Exercise 3 Incomplete tolerance (if you have time)

To address the question whether or not the adaptive immune system can a↵ord it to not tolerize all clones, we
extended the first model by allowing just a fraction, f , of the self-epitopes to induce tolerance. Clones specific
for such an ignored self-peptide (and not tolerized by another self-peptide) can cause autoimmunity whenever
they are activated by a foreign antigen. The probability of mounting an immune response to a pathogen,
without triggering autoimmunity, was called the probability of a successful immune response, and is defined
by Eq. (6) above. Note that this model is identical to the previous one when f = 1, and that one would therefore
expect similar results for f ! 1. Eq. (6) is defined by the function Ps() in the script Pi.R.
a. Plot Eq. (6) for several values of f : are the results very di↵erent?
b. Carefully explain what you see when you change f (e.g., look at f = 0.999).
c. Phrase in your own words how diverse you expect an immune repertoire to be.

Pi.R
#Question 1

Pi <- function(r0=1e9,s=1e5,logp=-5) {
p <- 10^logp
r <- r0*(1-p)^s
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A large fraction of the detectors is silenced
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Lymphocytes are specific to have a chance to survive self tolerance.

Because they are specific we need a large random repertoire 

to cover the world of all possible proteins.

Those that survive circulate and are allowed to respond to anything new

Problem 2: harmless environmental proteins (food) 



Immune responses develop in draining lymph nodes

Dendritic cells (DC) scan peripheral tissues, 
and migrate to draining lymph nodes to 

present their proteins.  

Millions of different naive lymphocytes migrate 
through lymph nodes, and scan the DCs.  

Only 1:100000 cells will become activated, 
expand, and emigrate as effector cells that 

move back to the inflamed tissues. 

The first signal is the activation of DC that 
carry information to the draining lymph node.
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Figure 1.

 

 Migratory Routes of T Cells.
Naive T cells home continuously from the blood to lymph nodes and other secondary lymphoid tissues. Homing to lymph nodes
occurs in high endothelial venules (HEV), which express molecules for the constitutive recruitment of lymphocytes. Lymph fluid
percolates through the lymph nodes; the fluid is channeled to them from peripheral tissues, where dendritic cells collect antigenic
material. In inflamed tissues, dendritic cells are mobilized to carry antigen to lymph nodes, where they stimulate antigen-specific
T cells. On stimulation, T cells proliferate by clonal expansion and differentiate into effector cells, which express receptors that
enable them to migrate to sites of inflammation. Although most effector cells are short-lived, a few antigen-experienced cells sur-
vive for a long time. These memory cells are subdivided into two populations on the basis of their migratory ability
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: the so-called
effector memory cells migrate to peripheral tissues, whereas central memory cells express a repertoire of homing molecules similar
to that of naive T cells and migrate preferentially to lymphoid organs. The traffic signals that direct effector and memory cells to
peripheral tissues are organ-specific (for example, molecules required for migration to the skin differ from those in the gut). They
are modulated by inflammatory mediators, and they are distinct for different subgroups of T cells (for example, type 1 and type 2
helper T cells respond to different chemoattractants).
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Downloaded from www.nejm.org at UNIVERSITEIT UTRECHT on July 01, 2004.

Copyright © 2000 Massachusetts Medical Society. All rights reserved.

Von Andrian & Mackay, NEJM, 2000



Supervised learning by innate immune system

Most circulating white blood cells don’t express random receptors.

Macrophages, neutrophils, granulocytes are much more abundant.

These “innate” immune cells express conserved receptors 

evolved for a specific groups of pathogens (viruses, bacteria, worms).  
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Upon detecting a particular pathogen innate cells 
secrete molecules that “instruct” the activated 

naive lymphocytes in their environment.



Lymphocytes are activated within a particular context
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tion with antigen and complete Freund’s adjuvant75,76, which demon-
strates the key role of this DC subset in TH1 cell-mediated responses 
to bacterial and fungal pathogens (Fig. 2). However, the exact iden-
tity of the TH1-priming DCs remains controversial. While one report 
has shown a requirement for CD103+CD207+ DCs in TH1 priming76, 
another has shown that TH1 priming occurs normally in the absence 
of those DCs75 following immunization with myelin oligodendrocyte 
glycoprotein in complete Freund's adjuvant.

The TH17 subset of helper T cells is specialized in eliminating extra-
cellular bacteria and fungal pathogens77,78. The priming of TH17 cells 
begins with the engagement of CLRs such as dectin-1 and dectin-2 
expressed by DCs, Langerhans cells and macrophages79–81. In addition 
to inducing dectins, the phagocytosis of bacteria-infected apoptotic 
cells induces the production of TGF-b and IL-6 by DCs, which pro-
motes TH17 cell differentiation82. Several studies support the notion 
that CD11b+CD103+ DCs that develop under the control of IRF4 have 
a key role in TH17 cell induction in vivo60,61,83,84. The cytokines criti-
cal for TH17 responses, IL-6 and IL-23, are both selectively secreted 
by the CD11b+CD103+ DCs60,61. In addition to the CD11b+CD103+ 
DCs, Langerhans cells are necessary and sufficient for induction of the 
TH17 cell response to fungal pathogens in the skin69. We are tempted 
to speculate that these DCs co-engage TLRs and CLRs to selectively 
induce IL-23 and suppress IL-12 for optimal TH17 cell induction in 
vivo85. Human CD1c+ DCs, the counterpart of mouse CD11b+ DCs, 
also express IRF4, secrete IL-23 and promote TH17 cells in response to 
Aspergillus fumigatus60 (Fig. 2).

Although sensors in the innate immune system that detect prote-
ase allergens and helminthes are not yet known, studies have dem-
onstrated that induction of the TH2 cell response to both requires the 
PD-L2+CD301b+ DC population86–88. The CD301b+ DCs comprise the 
majority of dermal DCs that are CD207-, and these cells require IRF4 
for their ability to promote TH2 cell-mediated immunity. Of note, in 

CD103+CD11b+ DCs (IRF4 dependent)60,61. All four subsets of tissue-
resident DCs migrate into the draining lymph nodes and contribute in 
a distinct manner to priming responses of the adaptive immune system. 
In addition to the migrant DCs, within lymphoid organs CD8a+ DCs 
(Batf3 dependent) and CD11b+ DCs are constitutively present. Studies of 
mice with specific deletions of subpopulations of DCs have revealed an 
emerging view of the unique capacity of DC subpopulations to generate 
different classes of T cell responses (Table 1). 

The clearance of viral infection relies on cytotoxic lymphocytes 
(CTLs), whose differentiation follows the engagement of nucleic acid 
sensors, which leads to the production of type 1 interferons and IL-12. 
Batf3-dependent CD103+ DCs found within or under various mucosal 
epithelial cells, as well as the Batf3-dependent CD8a+ DCs in lymphoid 
organs, are required for cross-presentation and the activation of CD8+ T 
cells62–64. These DCs express RLRs, NLRs and TLR3 but not TLR7 (refs. 
65,66) and produce type 1 interferons and IL-12 in response to the recog-
nition of viruses and virus-infected cells (Fig. 2). These cells express the 
C-type lectin DNGR-1 (CLECL9A), which detects F-actin exposed by 
necrotic cells for the uptake and cross-presentation of necrotic cells67,68. 
In addition to requiring CD103+ DCs, infection with fungal pathogens 
requires Batf3-dependent CD207+ dermal DCs for CTL responses69. The 
CD141hiCLEC9A+ DCs found in the dermis, lung and liver interstitia of 
humans share a transcriptome signature similar to that of mouse CD8a+ 
and CD103+ DCs and are also superior to other DCs in cross-priming 
CD8+ T cells ex vivo70. In addition, human CD1a+ Langerhans cells 
induce functional maturation of CD8+ T cells superior to that induced 
by other skin DC subsets ex vivo71,72.

Defense by the immune system against intracellular bacteria and pro-
tozoa requires responses by CD8+ T cells and T helper type 1 cells (TH1 
cell), which develop as a consequence of the engagement of TLRs by 
PAMPs that leads to the production of IL-12. CTL responses to bacterial 
and protozoan infection are ‘preferentially’ induced by Batf3-dependent 
CD103+ DCs that produce IL-12 (refs. 73,74). 
TH1 cell-mediated immunity to fungal patho-
gens depends on Batf3-dependent dermal DCs 
that express CD103 and CD207 (ref. 69). The 
GM-CSF-dependent DC population is required 
for the induction of TH1 cells after immuniza-
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Figure 2  The instruction of various classes of  
T cell responses by DCs. The development and 
function of DCs in vivo requires transcription 
factors that are critical for each stage of their 
differentiation program. Studies probing the 
requirement or sufficiency for DC subsets have 
suggested a relationship between the DC lineage 
and T cell programming. CTL responses are 
induced by lymphoid organ-resident, Batf3-
dependent CD8a+ DCs and tissue CD103+ DCs 
(mouse) and the human CD141+ DC counterpart. 
TH1 cell-mediated immunity requires stimulation, 
in a GM-CSF-dependent manner, by the 
CD207+CD103+ DC subset, a minor population of 
dermal DCs (mouse). TH17 responses are induced 
by mucosal IRF4-dependent CD103+CD11b+ DCs 
as well as by skin Langerhans cells, depending on 
the location of the pathogen (mouse). The human 
CD1c+ DCs prime TH17 cell responses. Finally, 
TH2 cell-mediated immunity requires IRF4-
dependent CD301b+CD11b+ DCs (mouse). These 
DCs comprise the majority of dermal DC (dDC) 
population and are distinct from CD207+ CD103+ 
dermal DCs. In contrast, human Langerhans cells 
induce TH2 cytokine secretion ex vivo.
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Macrophages, dendritic cells, 
neutrophils, natural killer cells 

& infected cells have 
conserved sensors, induce 
inflammation and provide 
information in the form of 

cytokines.

Innate control of 
adaptive immunity

Iwasaki & Medzhitov

Nature Immunology 2015



Supervised learning by innate immune system

Upon detecting a particular pathogen innate cells secrete molecules that 
“instruct” the activated naive lymphocytes in their environment.

Instructed lymphocytes thus develop an appropriate phenotype, 

change their gene expression and remember that for life.

The decision on what to do comes from the innate system, 

and this gets “uploaded” in the adaptive system as life-long immunity.



A few more details
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T lymphocytes bind small samples (peptides) of proteins on specialized presentation 

molecules that differ from individual to individual.

MHC polymorphism: we all make unique responses to viral proteins,

viruses cannot predict which proteins will be targeted.

Immune escapes of a virus useless in the next host

There are also “regulatory” T cells broadcasting the message that they see self.



MHC molecules present content of cell in the form of small samples

We all have different MHC molecules by 
inheriting these genes from our parents.  

MHC genes are polymorphic. 

Why would that be?

From: "Making sense of mass destruction: quantitating MHC class I antigen presentation”

Jonathan W. Yewdell, Eric Reits & Jacques Neefjes, Nature Reviews Immunology 2003



Modeling receptors as strings or as circles in shape space

This	allows	one	to	develop	computer	virus	detectors	(Forrest,	1997)

Allows	one	to	study	affinity	maturation	by	mutating	letters	in	agent	based	models.


Repertoire	development:	negative	selection	weeds	out	the	most	crossreactive	receptors.

Kosmrlj et PNAS 2008Chao et al Eur J Imm 2005Perelson & Oster: shape space

24

Self antigen Recognition ball
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Distinguish languages by sampling words: generalization 

More difficult: only a 
fraction of self used for 

training.
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Computer immunology 



Coverage
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CD8 T cells bind protein fragments of 9 amino acids, and there are about 107 unique 9-mers in the human self.

The whole world of 9-mers corresponds to 209=29109=512x109 unique 9-mers.

Hence the self is expected to cover c = 107/209 = 1/51200 of the whole peptide space.

If a pathogen presents n=10 peptides (epitopes) these are expected to not overlap with self.

The TCR only binds 5 of the 9 amino acids.

Hence the peptide universe for CD8 T cells is 205 unique peptides.

Since there are about 2x106 unique self 5-mers in the human self the coverage would be

About half of the peptides presented would therefore overlap with self.

c =
2 × 106

205
=

1
24 × 10−1

=
5
8



28

A random virus detector: initialization 

#letters in alphabet
length of k-mer

length of detector
number of self k-mers

size of repertoire
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Make a dictionary with all k-mers

S k-mers are set to be self
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Build a random repertoire of R detectors
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Challenge with intruders



naive T cell

Virus

MHC

peptide (9aa)protein

educated T cells

clonal expansion

kill target using the info 
from one peptide

Immune systems samples a few peptides and stores 
contextual information in memory cells

TCR
context

MHC molecules presenting peptides to T cells are polymorphic
Due to a rare allele advantage: its is good to be different


