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There's hormone in the thyroid that can make us feel at ease 

But the thyroid like a magnet for autoimmune disease 

why do we attack ourselves, we’d really like to know 

and in this lecture, we explain because I love you so 

Introduction:  

Hormone glands are prime targets for autoimmune attack. We saw how type-1 diabetes (T1D) is an 
auto-immune disease, in which the immune system, namely T-cells, attacks and kills beta cells. We 
saw that Hashimotos is an autoimmune disease in which T cells kill the thyroid cells. In both cases, 
important hormones are lost, insulin and thyroid hormone, and this loss is fatal unless treated. The 
diseases often occur at a young, reproductive 
age and are very common, 1% in T1D and upto 
5% in Hashimotos. Why did evolution fail to 
eradicate these diseases? Why does the body 
attack itself, and why especially these specific 
cell types and not others? Fig 10.1 Shows how 
some glands get common autoimmune disease 
and others very rarely get these diseases. Are 
there rules for which organ gets attacked and 
which is spared? 

In this lecture we will discuss from first 
principles why endocrine autoimmune diseases 
might arise. Here is the main idea: These glands 
have a circuit that is essential for tissue size 
control and homeostasis but has a fragility to mis-sensing mutants. To avoid mutant take-over that 
can cause a hypersecreting nodule (adenoma) that over-secretes the hormone and can be lethal, we 
will explore the hypothesis that the body uses the immune system to remove the mutants. These 
auto-immune cells thus serve an essential role in all healthy individuals. In some individuals they 
create a fragility to auto-immune disease. Thus, there is a tradeoff between risk of autoimmune 
disease and risk of diseases of hyper-secreting mutant expansion. Different tissues choose among 
these two evils according to the evolutionary costs and benefits, providing rules for which tissues get 
autoimmune diseases versus mutant-expansion diseases (Fig.  10.1).  
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Type-1 diabetes is a disease in which the immune system kills beta-cells  

In type-1 diabetes, beta-cells are attacked and killed by the body’s own immune system. When enough 
beta-cells are killed, insulin levels in the blood are insufficient and glucose can’t get into the cells from 
the blood. The cells starve, and switch to metabolizing fats, leading to acidification of the blood (going 
below the normal pH range of 7.35-7.45), which is deadly.  

Thus, T1D is a lethal disease. Until the 1920s, it was a death sentence for about 1% of the world’s 
children. Since the discovery of insulin by Banting and Best 100 years ago, T1D patients can survive 
and thrive by injecting insulin at the proper doses and times. But T1D still causes suffering and 
morbidity and is not easy to control. It is not known how to prevent T1D, causing special concern for 
people at risk, such as those with a family member who has T1D. The fundamental reason that the 
body attacks specific cells- beta cells- is not known. As usual in medicine, when the origin is unknown, 
it is discussed as a combination of genetic and environmental factors. Relatively common gene 
variants make one susceptible (such as MHC-class-2 gene variants such as HLA-DR3 and DR4) 

It is remarkable that T1D is so prevalent and has such a young age of onset (peaking around age 14), 
because this is a huge evolutionary cost. Natural selection should have eradicated this disease, 
especially the self-killing cells. The fact that these cells are not completely eliminated raises the 
possibility that the disease is the dark side of an important physiological process.  

Many endocrine organs have organ-specific autoimmune disease 

T1D and Hashimotos are just two of many autoimmune diseases. Autoimmune diseases are classified 
into systemic diseases that attack many organs (like lupus and rheumatoid arthritis), and organ-
specific diseases such as T1D. Here we focus on organ-specific diseases. These diseases happen 
primarily in hormone-secreting organs (endocrine organs) or in tissues regulated by hormones. There 
is a range of such diseases. Relatively common diseases with a prevalence of 0.01%-0.1% are Addison’s 
disease of the adrenal cortex, vitiligo of the skin melanocytes, and gastritis of the stomach parietal 
cells (Fig 10.2). The origin of all 
these diseases is currently 
unknown: they are said to be a 
combination of genetic and 
environmental factors.  

Equally puzzling is the fact that 
some endocrine organs virtually 
never get autoimmune diseases 
(fig 10.1). These include the 
pituitary, alpha cells that secrete 
glucagon, parathyroid cells that 
secrete a hormone that controls 
calcium (PTH). We will try to understand why in this lecture. 

All these organ-specific diseases are due to T-cells attacking the specific cell type that secretes the 
hormone. Antibodies from B-cells often also participate in the carnage. Why does the immune system 
attack our own body cells? The immune system is designed to protect us against pathogens like 
bacteria and viruses, and to eliminate cancer cells. As we mentioned in the previous lecture T-cell, 
monitor the cells of the body to see if they make proteins that belong to viruses or mutated cancer 
proteins.  
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The most common hypothesis until recently is that autoimmune diseases are mistakes, failures of 
tolerance mechanisms that eliminate t cells that attack healthy cells. T-cells that detect self-proteins 
are mostly eliminated. This is done right when t cells are made in the thymus. They are compared to 
a vast library of self in the thymus, and self-reactive cells are eliminated or turned into regulatory T 
cells which act to reduce T-cell activity. T cells that escape elimination in the thymus can still be 
eliminated in the rest of the body when they are over-activated by self-proteins or activated out of 
context in the periphery. The regulatory t cells are important elements to control against 
autoimmunity; mutations in Tregs often lead to autoimmune attack of multiple endocrine organs. So 
do mutations that destroy selection in the thymus (AIRE mutations). 

Still, these processes do not eliminate all self-reactive T-cells. Research over decades has shown again 
and again that there are self-reactive T-cells in all healthy people. How these self-reactive T-cells sit 
quiet is not understood, and neither is their function (Madi et al., 2014; Semana et al., 1999; Yu et al., 
2015). (Culina et al., 2018).  

Thus, mainstream thought is that self-reactive T-cells are errors in the elimination mechanisms. A 
different line of thought in immunology is that that self-reactive T-cells play maintenance roles in the 
body [Kracht et al., 2016; schwartz and cohen 2000, Schwartz Raposo,2014]. We will go with the latter 
line of thought.  

We explore the idea that T-cells can help to remove hyper-secreting mutants  

All the organs that get organ-specific autoimmune disease have the same regulatory motif as the beta-
cells and thyroid cells. In this feedback motif, a signal causes the cells both to secrete a hormone and 
to proliferate (Fig 10.2) 

All of these tissues are thus sensitive to mutants that missense the signal. Such mis-sensing mutants 
can expand and cause loss of homeostasis.  

Such mutants are well known clinically. Thyroid cells with mutations in the receptor for their signal 
(TSH) grow into nodules that secrete too much thyroid hormone. These “toxic nodules” cause hyper-
thyroidism which can be lethal. Incidentally, these nodules are not cancerous- unlike cancer, they 
don’t give rise to new growths in other tissues called metastasis. They are instead adenomas which 
behave like normal thyroid cells, except that the mutant cells” think” there is too much signal. Thyroid 
cancer typically does not secrete thyroid hormones. Similarly, mutations in beta cells make them think 
there is too much glucose were described in lecture 3. 

These mutants are inevitable. An organ like the thyroid weighs 10g and has 10!" cells. It thus takes 
10!" cell divisions to make it. Since mutation rate is about 10#$/base-pair/division, each possible 
point mutation will be found in about 10 thyroid cells. It is known that at least 50 such mutations cause 
hyper sensing and hypersecretion leading to toxic thyroid nodules. Thus, every person should develop 
10x50=500 toxic thyroid nodules secreting thyroid hormone- which would kill the person. Similarly, 
the 10$ beta cells are sure to get enough insulin hypersecreting mutants to kill the person from 
hypoglycemia. Thus, just to have endocrine organs requires removal of mutants. 

In lecture 3 we saw a biphasic mechanism for removing such 
mutants in beta cells: glucotoxicity. Glucotoxicity can cause 
mutants that “think” glucose is way too high to kill themselves. 
We noted that this mechanism still leaves the range of mild 
mis-sensing mutants, between the two fixed points (hatched 
region in Fig 10.3). Other organs, like the thyroid, do not have 
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a mechanism like glucotoxicity at all. There is no TSH toxicity, probably because TSH needs to vary 
over a 1000-fold range in normal physiology, such as when iodine levels in nutrition change. Thus, we 
need another mechanism to remove mutants.  

In this lecture, we will consider the idea that T-cells can help to remove mis-sensing mutants (Korem 
et al, 2020). To eliminate these mutants, we need a surveillance mechanism, which we will call 
Autoimmune Surveillance of Hypersecreting Mutants (ASHM) (Figs 10.4, 10.5). This is a theory we 
developed with PhD student Yael Korem and systems immunologist Nir Friedman at Weizmann (Fig. 
10.6). This lecture is in memory of Nir Friemdman, who passed away this year. A noble and gentle 
clear thinker.  

ASHM requires three main features. First, it needs to detect the hyper-secreting cells in order to 
eliminate them. Thus, the antigens it detects must be in the secretion pathway of the hormone, made 
by the cells (Fig. 10.7). The best idea is to have the antigens in the very end of the production process 
of the hormones, to minimize the number of self-antigens that are dejected. 

Indeed, the antigens in T1D (called autoantigens) are all pieces of proteins in the insulin secretion 
pathway. For example, a major antigen is pre-proinsulin, the very last protein in the production 
pipeline, the protein in the cell which is cleaved to make insulin. Other major T1D auto-antigens are 
also proteins in the secretion pathway of insulin. 

This feature is found in all the organ-specific diseases: the autoantigen in Hashimoto’s thyroiditis is 
the protein cleaved to make thyroid hormone (called thyroglobulin Tg, the analog of pre-proinsulin), 
or the key enzyme that modifies this protein to make the hormone (TPO). In Addison’s, the 
autoantigen is the key enzyme that synthesizes cortisol (21- hydroxylase). Other examples are shown 
in  
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Figure 10.2 and in (Table 10.1).  

T-cells that recognize pre-proinsulin and other secretion auto-antigens are found in the T-cell 
repertoire shared by all people, called the public T-cell repertoire.  

 

T-cell can tell the difference in antigen between neighboring cells 

For immune surveillance to work, the killer T-cells need 
to tell which cell makes more antigen than its 
neighbors. In this way they can preferentially kill hyper-
secreting cells. Such differential sensitivity is indeed a 
feature of T-cells. Experiments tested the relation 
between the amount of a certain antigen that a cell 
presents and the probability that it is killed by a T-cell 
that recognizes that antigen. The probability of killing is 
a steep function of the number of MHCs on the cell 
surface that present the antigen (Fig 10.8) (Martin- 
Blanco et al., 2018). (Halle et al., 2016).  

For very strong binding of antigen, a single antigen presented on a cell is probably enough. Thus, ASHM 
cannot operate with very strong binding T-cells, because they would not be able to discriminate 
between hypersecretion and other cells. 

Most T cells, however, have only moderate binding to their antigens.  For moderate binding, the killing 
rate h(a) goes approximately as a power law of antigen level a  

(1) ℎ(𝑎) ≈ 𝑐	𝑎%	, 

with a large exponent n=3-5, signifying a steep relationship. We saw such steep relationships in 
previous lectures, for example in glucose sensing by beta cells. Steep relationships in biology are often 
called ‘cooperativity’ because multiple T-cell receptors in the same T-cell can cluster together and 
cooperate to make each other more active.  

Another important property of the immune system is that it can adapt to a background level of 
antigen, and only respond to temporal changes in antigen. This adaptation to background is provided 

Autoimmune disease Auto-antigens Role of autoantigen 

Type 1 diabetes Insulin, preproinsulin, PTPRN, PTPRN2, islet 
cell antigen-69, ZnT8, GAD65 

Insulin synthesis, storage and 
secretion 

Hashimoto's 
thyroiditis 

Thyroid peroxidase, thyroglobulin T3/T4 biosynthesis 

Addison's disease 21-hydroxylase Cortisol/aldosterone biosynthesis 

Vitiligo PMEL, MART1, tyrosinase, tyrosinase related 
proteins 1 and 2 

Melanin synthesis and storage 

Autoimmune gastritis Gastric H/K ATPase Acid production 

Primary Biliary Cirhosis PDC-E2 pyruvate/oxo-glutarate  
dehydrogenase 

Bicarbonate production 
Table 7.1 
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by regulatory T-cells. 𝑇&'()  provide an incoherent feedforward loop circuit that has the capacity to 
adapt to a constant input signal (antigen level), and to respond to exponentially increasing antigen 
threat (Sontag, 2017). Other mechanisms exist to help the T cells adapt, such as molecular ‘switches’ 
on the T-cell that make them less active if they kill too often, called immune checkpoints. The result 
of this adaptation is that killing rate goes according to the ratio of antigen relative to the mean antigen 
presented by all cells, a/<a	>, so that  

(2) ℎ(𝑎) = 𝑐 0 *
+*,

1
%
 

This killing function therefore has two parameters: the rate c and the cooperativity n.  

The relative sensing explains why the T-cells don’t severely attack an organ if it simply starts to 
produce more hormone. For example, when the thyroid starts producing more thyroid hormone due 
to low iodine or a TSH-secreting tumor, or when beta cells start making more insulin due to a change 
in diet or insulin resistance. When more hormone is made in all the cells of the organ, more antigen is 
presented, 𝑇&'() level rise and compensate by inhibiting the effector T-cells. The immune system thus 
adjusts to precisely cancel out the rise in antigen – exact adaptation we saw in the previous lecture. It 
remains sensitive to individual cells that make more antigen than their neighbors. 

Autoimmune surveillance can eliminate any mutant, and can do so with a low killing rate  

To work well, ASHM needs to eliminate any possible hyper-sensing mutant, and to do so without killing 
too many healthy cells. To understand how this might work, let’s analyze a mathematical model for 
ASHM. The main conclusion is that ASHM can eliminate mutants and kill healthy cells at a very low 
rate compared to their natural turnover. 

We begin with the growth equation for beta-cells from lecture 2, whose growth rate (G)	is controlled 
by glucose G:  

(1) -.
-/
= 	𝜇(𝐺)𝐵 

We will consider situations near the stable fixed-point 𝐺	=	𝐺0	=	
5𝑚𝑀. Recall that the growth rate is zero at 𝐺0, so that 
proliferation equals removal and beta-cell numbers are at 
steady-state.  

Near 𝐺0, we can approximate the growth rate as a line with slope 
denoted 𝜇0, so that 𝜇	=	𝜇0(𝐺	–	𝐺0)	(gray line in Fig 10.9). This 
approximation is not essential but makes the math easier and is 
sufficiently accurate for our purposes. Thus  

(2) -.
-/
= 𝜇"(𝐺 − 𝐺")𝐵 

Now let’s add ASHM, in which beta-cells are killed by T-cells. We begin with the case in which there 
are only non-mutant beta-cells, called wild-type cells. Each cell presents a copies of antigen on its 
surface, and the average <a>=a since we assume all cells are the same. The antigens are in the 
secretion pathway and hence proportional to the insulin production rate per cell, 𝑞𝑓(𝐺).	Adding the 
killing term from Eq. 2 to the growth equation, we find  
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(3)-.
-/
= 𝜇"(𝐺 − 𝐺")𝐵 − 𝑐 0

*
+*,

1
%
𝐵 

Since all cells are wild type cells, <	a	>=a, and the killing term is just equal to 𝑐	1% 	= 	𝑐. Thus, at 
steady state,  

(4) -.
-/
= 0 = 𝜇"(𝐺 − 𝐺") − 𝑐 

whose solution is the steady-state glucose level that is slightly shifted upwards from 𝐺0	due to the 
effect of beta-cell killing:  

(5) 𝐺𝑠𝑡	 = 	𝐺0	+ 	𝑐/𝜇0 

	
The higher the killing rate c, the higher the glucose because more beta-cells are killed per unit time, 
and hence less insulin, and thus more glucose. In extreme cases, where c is very large, killing is 
widespread and we have very high glucose levels- this is the situation in T1D. 

Now let’s consider a mutant beta-cell that mis-senses 
glucose. It acts as though the true glucose level G is actually 
𝑢𝐺, where 𝑢	 is the mis-sensing factor (Fig 10.10). Such mis- 
sensing mutants were discussed in lecture 3. The 
mutants can, for example, have a mutation causing them to 
pump in too much glucose (James et al., 2009; Matschinsky, 
2002), and as a result their insulin secretion, proliferation and 
removal all act as if blood glucose is higher than it actually is. In the 
equation for such a mutant we need to replace all occurrences of 𝐺	
by 𝑢𝐺. The equation for the growth of the mutant population 𝐵4	is 
therefore  

(6) -.!
-/

= 𝐵4 0𝜇"(𝑢	𝐺 − 𝐺")𝐵 − 𝑐 0
*!
+*,

1
%
1 

where the ASHM killing term contains the mutant antigen level am. Initially, there is a single mutant 
cell surrounded by wild-type cells. Since there is only one mutant cell, the average antigen <a> is 
virtually unaffected by the mutant so that <a> can be approximated by the wild-type level of antigen. 
Similarly, glucose level G is virtually unaffected by the mutants as long as they are few.  

The antigen level of the mutant is determined by its insulin production rate, am	~	f(𝑢𝐺). Using  

𝑓(𝐺)~𝐺6	, we find that mutant cell antigen level is  a4 = 	𝑞𝑢6	𝐺6	. The wild-type antigen level is <
	𝑎	 >= 	𝑞𝐺6	, because u=1 for the wild-type cells. Thus, the mutant killing term 𝑐 0 *!

+*,
1
%
	depends only 

on the mis-sensing factor u, because the factors 𝑞	and 𝐺6	cancel out, leaving (𝑢6)% = 	𝑐𝑢6%	. Thus:  

(7)	-.!
-/

= 𝐵4(𝜇"(𝑢𝐺 − 𝐺") − 𝑐𝑢6%) = 𝜇(𝑢)𝐵4 

We conclude that the mutant has a growth rate that is determined by its mis-sensing factor u:  
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(8) 𝜇(𝑢) = 𝜇0		(𝑢𝐺 − 𝐺0	) − 𝑐𝑢
2𝑛	 

In order for ASHM to work perfectly, we need the wild type cells (𝑢	=	1) 
to have the highest growth rate among all possible mutants (Fig 3.5). The 
wild-type cells should have zero growth rate (proliferation equal removal 
and thus a steady population size) and all other mutants should have 
negative growth rate and vanish. This is called an ‘evolutionary stable 
strategy’ (ESS): a mechanism which cannot be invaded by any single 
mutant. We therefore need to find a condition such that 𝜇(𝑢)	is maximal 
at 𝑢	=	1	(Fig 10.11). This occurs when  

(9) -9(;<!)
-;

= 0													𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛	𝑓𝑜𝑟	𝑒𝑣𝑜𝑙𝑢𝑡𝑖𝑜𝑛𝑎𝑟𝑦	𝑠𝑡𝑎𝑏𝑙𝑒	𝑠𝑡𝑟𝑎𝑡𝑒𝑔𝑦 

and also, that the second derivative is negative to ensure a maximum. Taking the derivative in Eq.8, 
we find 

(10) -9
-;
= 𝜇0𝐺	 − 	2𝑛𝑐𝑢6%#! 	= 	0 

The glucose level G is just the glucose level for the wild-type case (Eq.5) because a single mutant can’t 
affect glucose levels. Plugging in 𝐺st	from Eq.5, and u=1, we find the condition for ESS:  

𝑐
𝜇"𝐺"

=
1

2𝑛 − 1
	

This equation connects the killing rate c, normalized by the 
natural turnover of beta cells, to the steepness of the killing 
function n. Interestingly, the higher the T-cell cooperativity 
(steepness) parameter n, the lower the killing rate c that is 
required for ESS. Since the cooperativity of immune 
recognition is high (𝑛~3-5), killing rate should be small, about 
10-20% of the natural turnover rate parameter 𝜇0𝐺0. Thus, 
these secret-agent T-cells work subtly and with high precision 
(Fig 10.12). Only a small part of the removals of beta-cells are 
due to ASHM, and the rest to natural turnover.  

Surveillance can descend to autoimmune disease in several ways 

This surveillance mechanism appears to work well in most people. But a small fraction of people 
unfortunately gets autoimmune disease. The risk has a sizable genetic component. But genetics is not 
all: the process also has a stochastic component- even identical twins have only about a 50% 
congruence in term of getting autoimmune disease.  

How does the AHSM mechanism fail and descend to autoimmune disease? We don’t know for sure. 
One theory is that a microbial infection damages the tissue, causing release of self-antigen. The 
infection grows exponentially and provides an inflammation danger signal. This infection may or may 
not have detectable symptoms. The T–cell system sees an exponentially rising amount of self-antigen 
in the context of inflammation. It concludes wrongly that the self-antigen, such as pre-proinsulin, is 
actually of viral origin.  
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Genetic factors come into play, such as MHC variants (HLA-
DR3,4) that make the MHC “platters” on antigen presenting 
cells. The high-risk variant MHCs appear to present the auto-
antigens more strongly to immune cells. This may help to set 
off the heavy guns – an army of B-cells that produce 
antibodies against the antigen. The antibodies coat the beta-
cells, leading a large number of immune cells to attack the 
beta-cells aggressively, thinking that they have virus inside 
them (Figs 10.13-10.14). Another possibility, raised by 
experiments in mouse, is that these high-risk MHC variants 
cause 𝑇&'() to undergo activation-induced cell death at high 
antigen levels. When tregs are gone, there is less inhibition on 
effector T cells, unleashing a large auto-immune response. 

Note that these pro-autoimmunity genetic factors probably 
played a beneficial role in some past historical period, perhaps 
one plagued by a dangerous pathogen. By enhancing B-cell 
activation or reducing 𝑇&'() inhibition, such variants may help 
to better fight the pathogen. This tradeoff may explain why these variants are present in a sizable 
fraction of the population, about 30%, quite consistently across the world population.  

Normally the antibody and T-cell response would stop when the virus is eliminated, and the foreign 
antigen is gone. In the aftermath of a viral infection, T-cells even kill each other in a process called 
fratricide. But in autoimmune disease, cells of the targeted tissue are attacked and killed continuously, 
and the immune response is not turned off. The killing releases more self-antigen, activating more 
immune cells, making a vicious cycle. Long lasting memory B- cells and T-cells are formed which are 
easily triggered by the antigen. When about 90% of the beta-cells or thyroid cells are killed, hormone 
production drops so low that clinical symptoms set in. A balance of beta-cell proliferation and killing 
is reached in T1D patients, with very low numbers of dysfunctional beta-cells persisting for decades 
and a continual B-cell response (Keenan et al., 2010; Liu et al., 2009) (Rui et al., 2017).  

Another possible route to autoimmunity may involve rapid growth of the tissue during puberty, 
coupled with some inflammation. Again, rising self-antigen levels plus alarm signals may fool the T-
cells and trigger autoimmune disease, whose peak prevalence is often around puberty. 

Whatever the precise route to auto-immune disease, the presence of auto-reactive T-cells provides 
the basic soldiers that cause a fragility to auto-immune disease.  

Endocrine tissues that rarely get auto-immune disease are prone to diseases of mutant expansion  

We now turn to the question of why certain organs are attacked and others aren't (Fig 10.1). The 
ASHM theory predicts a tradeoff: if there is little or no surveillance in a tissue, it should get no 
autoimmune disease. However, it should get diseases of mutant expansion, especially at old ages 
when mutant cells have had enough time to grow into an adenoma.  

We can test this prediction by looking at endocrine cells and organs that very rarely have autoimmune 
diseases - less than 10#A 	−	10#B	 lifetime prevalence. These organs include the parathyroid (PT) 
gland, a tiny gland that sits on top of the thyroid (Fig 10.1). Its job is to secrete the hormone PTH in 
order to control free blood calcium, which needs to be in a tight range around 1mM. PTH helps dissolve 
bone, which is made of calcium phosphate, and to regulate calcium intake from the gut, in order to 
increase blood calcium.  
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The lack of autoimmune disease in this gland suggests that it has no ASHM or perhaps a very weak 
version. This predicts that the gland is prone to takeover by hypersecreting mutants. Indeed, this 
takeover occurs. It is a common disease with the long name primary hyperparathyroidism. It afflicts 
about 1/50 women after menopause. A hypersecreting mutant grows exponentially and becomes a 
small adenoma (non cancerous growth) in the gland, pushing calcium levels up. The over-high calcium 
comes at the expense of bones, and the symptoms include loss of bone mass and neuronal problems. 
Treatment sometimes requires surgically removing the adenoma.  

The PT gland has a 
circuit that is 
sensitive to take-
over by mis-sensing 
mutants. The circuit 
is essentially the 
same as in the other 
glands, except for a 
sign reversal. In this 
circuit (Fig 10.15), 
the signal, calcium, inhibits both the proliferation of PT-cells and secretion of PTH. Because the signs 
in the circuit are opposite to those of the other systems, a loss of PT-cells means low levels of calcium. 
A mutant that mis- senses too little calcium (hypo-sensing mutant) is the dangerous culprit: such a 
mutant would expand and hyper-secrete PTH, and if it takes over, lead to too high calcium. This circuit 
also has biphasic mutant protection (low and high calcium kill PT cells). But intermediate hyper-
sensing mutants are still dangerous. 

Thus, a tradeoff seems to exist between two evils: autoimmune disease and diseases of 
hypersecreting mutant expansion. This allows one to predict which organs will get which diseases. For 
example, alpha cells in the pancreas sit next to beta-cells, but unlike beta-cells, they almost never get 
auto-immune disease. This predicts that alpha cells should show frequent mutant expansions that 
hyper-secrete their hormone, glucagon, leading to excess glucose production. Such growths are 
indeed reported and associated with type-2 diabetes (Feng et al., 2017; Liu et al., 2011; Unger and 
Cherrington, 2012).  

It seems that the parathyroid has at least some immune surveillance because autoimmunity in this 
organ can be caused by certain drugs. In particular, drugs that enhance immune response against 
cancer, by blocking immune checkpoints, have parathyroid autoimmunity as a side effect in some 
patients. Thus, ASHM in this organ may be tuned to low levels that prohibit autoimmune disease under 
normal conditions. 

A particularly clear example of the 
mutant/autoimmunity tradeoff seems to occur in 
the HPA axis. There are two glands, the pituitary 
and the adrenal, A and P. Each has a version of the 
circuit motif that is fragile to mis-sensing mutants, 
as we saw. Mutants in the pituitary that hyper-
sense hormone x1, for example, grow into nodules 
that hyper-secrete hormone x2 (ACTH), making 
the adrenal make too much cortisol (Fig 10.16). 
This is known as Cushing’s syndrome, with 
depression, hypertension, muscle wasting and fat distribution in the face and abdomen. An almost 
exact type of disorder is caused by adrenal mutants that hyper-sense x2. However, 90% of Cushing’s 

 

Figure 10.15 

 

Figure 10.16 



syndrome is caused by mutants in P, not in A. This is surprising because the number of cells in P is 
smaller by a factor of 100 than in A (relevant cells in the adrenal total about 10g, in the pituitary about 
0.1g).  

Our theory predicts then that the adrenal A is protected from mutants by ASHM, and hence should 
have autoimmune disease. Indeed, the adrenal A suffers from a relatively prevalent autoimmune 
disease called Addison’s disease which destroys the adrenal by T cells. The pituitary virtually never 
gets such an autoimmune disease- it seems to lack ASHM. Indeed, is it an immune privileged site. 
However, it shows relatively frequent mutant-expansion diseases- the most common form of 
Cushing’s syndrome called central Cushing’s (Fig 10.16).  

Similar pituitary mutant expansion diseases plague other HP-axes. Pituitary mutant cells in the growth 
axis account for acromegaly and gigantism, and in other pathways to disease of hyper-gonadism and 
hyper-thyroidism. Again, like the adrenal, thyroid is tilted towards autoimmunity, whereas its pituitary 
controller cells (thyrotrophs) are tilted to mutant expansion.  

What rules might determine if a tissue gets autoimmune disease or diseases of mutant expansion? 
One possibility is based on the evolutionary cost of these diseases: it pays to set things up so that the 
less severe disease occurs (Fig 10.17). In beta-cells, a hypersecreting mutant expansion is lethal, 
because it causes low glucose. Thus, it makes sense to sacrifice 1% of the population to T1D, to save 
a higher fraction of the population from lethal mutant expansion disease.  

In the PT gland, in contrast, high levels of calcium caused by mutant expansion are bad but not lethal. 
This gland has a biphasic mechanism to protect against strong hyper-secreting mutants. The mild 
mutants that take over cause high calcium, but below the lethal calcium level of roughly 4 times the 
normal level. But even a slight reduction in calcium, as would be caused by an overactive ASHM, can 
push calcium down to lethal levels: even a 20% reduction is lethal (below 0.9mM compared to the 
normal level of 1.1mM). Thus, it makes sense that ASHM does not evolve in the PT gland, to avoid the 
risk of low calcium. We pay the price of a less severe mutant expansion disease with a late age of 
onset.  

Perhaps the simplest explanation for which organ gets which disease stems from the number of 
mutations in the organ. The smaller the organ, the less cell divisions are needed to make it, and the 
fewer cell divisions occur over life (assuming most glands have a similar turnover time). The fewer the 
mutations, the less the need for ASHM. The cutoff seems to be at a mass of about 1g, which is about 
10^9 cells. Above 1g are endocrine organs with autoimmune diseases: beta cells (1g), adrenal (10g), 
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thyroid (10g). Below 1g are glands with mutant expansion and very rare autoimmunity: pituitary cells 
(0.1g), parathyroid (0.3g), renin secreting cells (0.1g).  

At above 10-30g, the disease spectrum shifts again, with less 
autoimmunity and more cancer (prostate 30g, pancreas 100g, skin 
several Kg). This is because there are so many cell divisions, that 
mutations would become too frequent. The required levels of 
ASHM would be too high to avoid autoimmune disease. Organs 
thus change strategy to stem-cell-based production, in which a 
single stem-cell division is amplified to make thousands of cells by 
transient amplifying cells. This reduces the number of mutations 
that remain in the stem cells of the tissue. But stem cells are more 
prone to cancer, being cells with high proliferation potential. In 
the transition zone of 10-30g one sees both cancer and 
autoimmunity (thyroid, prostate) (Fig. 10.18) 

I like the prospect of such ‘rules’ for diseases, pointing towards a ‘Mendeleev table’ of diseases (see 
the Systems Medicine course 2020, lecture 12). Missing blocks in the table can point to ‘diseases that 
might have been’ (such as autoimmune disease of alpha cells), and to explain them based on first 
principles. We will expand on this theme in the last lecture of the course. 

References:  

Ackermann, A.M., Palladino, A.A., 2015. Managing congenital hyperinsulinism: improving outcomes 
with a multidisciplinary approach [WWW Document]. Res. Rep. Endocr. Disord. 
https://doi.org/10.2147/RRED.S56608  

Badami et al PNAS 2019 https://doi.org/10.1073/pnas.1910281116 

Betterle, C., Garelli, S., Presotto, F., 2014. Diagnosis and classification of autoimmune parathyroid 
disease. Autoimmun. Rev., Diagnostic criteria in Autoimmune diseases 13, 417–422. 
https://doi.org/10.1016/j.autrev.2014.01.044  

Bolland, M.J., Grey, A.B., Gamble, G.D., Reid, I.R., 2005. Association between Primary 
Hyperparathyroidism and Increased Body Weight: A Meta-Analysis. J. Clin. Endocrinol. Metab. 90, 
1525–1530. https://doi.org/10.1210/jc.2004-1891  

Buffa, L., Fuchs, E., Pietropaolo, M., Barr, F., Solimena, M., 2008. ICA69 is a novel Rab2 effector 
regulating ER-Golgi trafficking in insulinoma cells. Eur. J. Cell Biol. 87, 197–209. 
https://doi.org/10.1016/j.ejcb.2007.11.003  

Cai, T., Hirai, H., Zhang, G., Zhang, M., Takahashi, N., Kasai, H., Satin, L.S., Leapman, R.D., Notkins, A.L., 
2011. Deletion of Ia-2 and/or Ia-2β in mice decreases insulin secretion by reducing the number of 
dense core vesicles. Diabetologia 54, 2347–2357. https://doi.org/10.1007/s00125-011-2221-6  

Chimienti, F., Devergnas, S., Pattou, F., Schuit, F., Garcia-Cuenca, R., Vandewalle, B., Kerr-Conte, J., 
Van Lommel, L., Grunwald, D., Favier, A., Seve, M., 2006. In vivo expression and functional 
characterization of the zinc transporter ZnT8 in glucose-induced insulin secretion. J. Cell Sci. 119, 
4199–4206. https://doi.org/10.1242/jcs.03164  

 

Figure 10.18 



Chistiakov, D.A., 2005. Immunogenetics of Hashimoto’s thyroiditis. J. Autoimmune Dis. 2, 1. 
https://doi.org/10.1186/1740-2557-2-1  

Codina-Busqueta, E., Scholz, E., Muñoz-Torres, P.M., Roura-Mir, C., Costa, M., Xufré, C., Planas, R., 
Vives-Pi, M., Jaraquemada, D., Martí, M., 2011. TCR bias of in vivo expanded T-cells in pancreatic islets 
and spleen at the onset in human type 1 diabetes. J. Immunol. Baltim. Md 1950 186, 3787–3797. 
https://doi.org/10.4049/jimmunol.1002423  

Cooper, G.S., Bynum, M.L.K., Somers, E.C., 2009. Recent insights in the epidemiology of autoimmune 
diseases: improved prevalence estimates and understanding of clustering of diseases. J. Autoimmun. 
33, 197–207. https://doi.org/10.1016/j.jaut.2009.09.008  

Cooper, G.S., Stroehla, B.C., 2003. The epidemiology of autoimmune diseases. Autoimmun. Rev. 2, 
119–125. https://doi.org/10.1016/S1568-9972(03)00006-5  

Culina, S., Lalanne, A.I., Afonso, G., Cerosaletti, K., Pinto, S., Sebastiani, G., Kuranda, K., Nigi, L., Eugster, 
A., Østerbye, T., Maugein, A., McLaren, J.E., Ladell, K., Larger, E., Beressi, J.-P., Lissina, A., Appay, V., 
Davidson, H.W., Buus, S., Price, D.A., Kuhn, M., Bonifacio, E., Battaglia, M., Caillat-Zucman, S., Dotta, 
F., Scharfmann, R., Kyewski, B., Mallone, R., ImMaDiab Study Group, 2018. Islet-reactive CD8+ T-cell 
frequencies in the pancreas, but not in blood, distinguish type 1 diabetic patients from healthy donors. 
Sci. Immunol. 3. https://doi.org/10.1126/sciimmunol.aao4013  

Davidson, H.W., Wenzlau, J.M., O’Brien, R.M., 2014. ZINC TRANSPORTER 8 (ZNT8) AND BETA-CELL 
FUNCTION. Trends Endocrinol. Metab. TEM 25, 415. https://doi.org/10.1016/j.tem.2014.03.008  

Doi, A., Shono, T., Nishi, M., Furuta, H., Sasaki, H., Nanjo, K., 2006. IA-2β, but not IA-2, is induced by 
ghrelin and inhibits glucose-stimulated insulin secretion. Proc. Natl. Acad. Sci. U. S. A. 103, 885–890. 
https://doi.org/10.1073/pnas.0502470102  

Feng, A.L., Xiang, Y.-Y., Gui, L., Kaltsidis, G., Feng, Q., Lu, W.-Y., 2017. Paracrine GABA and insulin 
regulate pancreatic alpha cell proliferation in a mouse model of type 1 diabetes. Diabetologia 60, 
1033–1042. https://doi.org/10.1007/s00125-017-4239-x  

Glaser, B., Kesavan, P., Heyman, M., Davis, E., Cuesta, A., Buchs, A., Stanley, C.A., Thornton, P.S., 
Permutt, M.A., Matschinsky, F.M., Herold, K.C., 1998. Familial hyperinsulinism caused by an activating 
glucokinase mutation. N. Engl. J. Med. 338, 226–230. 
https://doi.org/10.1056/NEJM199801223380404  

Gomez-Tourino, I., Kamra, Y., Baptista, R., Lorenc, A., Peakman, M., 2017. T-cell receptor β-chains 
display abnormal shortening and repertoire sharing in type 1 diabetes. Nat. Commun. 8, 1792. 
https://doi.org/10.1038/s41467-017-01925-2  

Halle, S., Keyser, K.A., Stahl, F.R., Busche, A., Marquardt, A., Zheng, X., Galla, M., Heissmeyer, V., Heller, 
K., Boelter, J., Wagner, K., Bischoff, Y., Martens, R., Braun, A., Werth, K., Uvarovskii, A., Kempf, H., 
Meyer-Hermann, M., Arens, R., Kremer, M., Sutter, G., Messerle, M., Förster, R., 2016. In Vivo Killing 
Capacity of Cytotoxic T-cells Is Limited and Involves Dynamic Interactions and T-cell Cooperativity. 
Immunity 44, 233–245. https://doi.org/10.1016/j.immuni.2016.01.010  

Harashima, S., Horiuchi, T., Wang, Y., Notkins, A.L., Seino, Y., Inagaki, N., 2012. Sorting nexin 19 
regulates the number of dense core vesicles in pancreatic β-cells. J. Diabetes Investig. 3, 52–61. 
https://doi.org/10.1111/j.2040-1124.2011.00138.x  



James, C., Kapoor, R.R., Ismail, D., Hussain, K., 2009. The genetic basis of congenital hyperinsulinism. 
J. Med. Genet. 46, 289–299. https://doi.org/10.1136/jmg.2008.064337  

Karin, O., Alon, U., 2017. Biphasic response as a mechanism against mutant takeover in tissue 
homeostasis circuits. Mol. Syst. Biol. 13, 933. https://doi.org/10.15252/msb.20177599  

Karin, O., Swisa, A., Glaser, B., Dor, Y., Alon, U., 2016. Dynamical compensation in physiological circuits. 
Mol. Syst. Biol. 12, 886. https://doi.org/10.15252/msb.20167216  

Keenan, H.A., Sun, J.K., Levine, J., Doria, A., Aiello, L.P., Eisenbarth, G., Bonner-Weir, S., King, G.L., 
2010. Residual Insulin Production and Pancreatic β-Cell Turnover After 50 Years of Diabetes: Joslin 
Medalist Study. Diabetes 59, 2846–2853. https://doi.org/10.2337/db10- 0676  

Klarquist, J., Eby, J.M., Henning, S.W., Li, M., Wainwright, D.A., Westerhof, W., Luiten, R.M., Nishimura, 
M.I., Le Poole, I.C., 2016. Functional cloning of a gp100-reactive T-cell receptor from vitiligo patient 
skin. PigmenT-cell Melanoma Res. 29, 379–384. https://doi.org/10.1111/pcmr.12458  

Kracht, M.J.L., Zaldumbide, A., Roep, B.O., 2016. Neoantigens and Microenvironment in Type 1 
Diabetes: Lessons from Antitumor Immunity. Trends Endocrinol. Metab. 27, 353–362. 
https://doi.org/10.1016/j.tem.2016.03.013  

Krüger, C., Schallreuter, K.U., 2012. A review of the worldwide prevalence of vitiligo in 
children/adolescents and adults. Int. J. Dermatol. 51, 1206–1212. https://doi.org/10.1111/j.1365-
4632.2011.05377.x  

Kulnigg-Dabsch, S., 2016. Autoimmune gastritis. Wien. Med. Wochenschr. 1946 166, 424–430. 
https://doi.org/10.1007/s10354-016-0515-5  

Kuroda, N., Gotoda, H., Ohe, C., Mikami, S., Inoue, K., Nagashima, Y., Petersson, F., Alvarado- Cabrero, 
I., Pan, C.-C., Hes, O., Michal, M., Gatalica, Z., 2011. Review of juxtaglomerular cell tumor with focus 
on pathobiological aspect. Diagn. Pathol. 6, 80. https://doi.org/10.1186/1746-1596-6-80  

Lacroix-Desmazes, S., Kaveri, S.V., Mouthon, L., Ayouba, A., Malanchère, E., Coutinho, A., Kazatchkine, 
M.D., 1998. Self-reactive antibodies (natural autoantibodies) in healthy  

individuals. J. Immunol. Methods 216, 117–137. https://doi.org/10.1016/S0022-  

1759(98)00074-X 
Lai, X., Wichers, H.J., Soler-Lopez, M., Dijkstra, B.W., 2018. Structure and Function of Human  

Tyrosinase and Tyrosinase-Related Proteins. Chem. - Eur. J. 24, 47–55.  

https://doi.org/10.1002/chem.201704410 
Lang, K.S., Muhm, A., Moris, A., Stevanovic, S., Rammensee, H.-G., Caroli, C.C., Wernet, D.,  

Schittek, B., Knauss-Scherwitz, E., Garbe, C., 2001. HLA-A2 Restricted, Melanocyte- Specific CD8+ T 
Lymphocytes Detected in Vitiligo Patients are Related to Disease Activity and are Predominantly 
Directed Against MelanA/MART1. J. Invest. Dermatol. 116, 891– 897. https://doi.org/10.1046/j.1523-
1747.2001.01363.x  



Liu, E.H., Digon, B.J., Hirshberg, B., Chang, R., Wood, B.J., Neeman, Z., Kam, A., Wesley, R.A., Polly, 
S.M., Hofmann, R.M., Rother, K.I., Harlan, D.M., 2009. Pancreatic beta-cell function persists in many 
patients with chronic type 1 diabetes, but is not dramatically improved by prolonged 
immunosuppression and euglycaemia from a beta-cell allograft. Diabetologia 52, 1369–1380. 
https://doi.org/10.1007/s00125-009-1342-7  

Liu, Z., Kim, W., Chen, Z., Shin, Y.-K., Carlson, O.D., Fiori, J.L., Xin, L., Napora, J.K., Short, R., Odetunde, 
J.O., Lao, Q., Egan, J.M., 2011. Insulin and Glucagon Regulate Pancreatic α-Cell Proliferation. PLoS ONE 
6. https://doi.org/10.1371/journal.pone.0016096  

Madi, A., Shifrut, E., Reich-Zeliger, S., Gal, H., Best, K., Ndifon, W., Chain, B., Cohen, I.R., Friedman, N., 
2014. T-cell receptor repertoires share a restricted set of public and abundant CDR3 sequences that 
are associated with self-related immunity. Genome Res. 24, 1603–1612. 
https://doi.org/10.1101/gr.170753.113  

Martin-Blanco, N., Blanco, R., Alda-Catalinas, C., Bovolenta, E.R., Oeste, C.L., Palmer, E., Schamel, 
W.W., Lythe, G., Molina-París, C., Castro, M., Alarcon, B., 2018. A window of opportunity for 
cooperativity in the T-cell Receptor. Nat. Commun. 9, 2618. https://doi.org/10.1038/s41467-018-
05050-6  

Matschinsky, F.M., 2002. Regulation of pancreatic beta-cell glucokinase: from basics to therapeutics. 
Diabetes 51 Suppl 3, S394-404.  

Matsuoka, N., Unger, P., Ben-Nun, A., Graves, P., Davies, T.F., 1994. Thyroglobulin-induced murine 
thyroiditis assessed by intrathyroidal T-cell receptor sequencing. J. Immunol. 152, 2562– 2568.  

Michels, A.W., Eisenbarth, G.S., 2010. Immunologic Endocrine Disorders. J. Allergy Clin. Immunol. 125, 
S226–S237. https://doi.org/10.1016/j.jaci.2009.09.053  

Minalyan, A., Benhammou, J.N., Artashesyan, A., Lewis, M.S., Pisegna, J.R., 2017. Autoimmune 
atrophic gastritis: current perspectives. Clin. Exp. Gastroenterol. 10, 19–27. 
https://doi.org/10.2147/CEG.S109123  

Nakano, N., Kikutani, H., Nishimoto, H., Kishimoto, T., 1991. T-cell receptor V gene usage of islet beta-
cell-reactive T-cells is not restricted in non-obese diabetic mice. J. Exp. Med. 173, 1091–1097.  

Raposo, G., Marks, M.S., 2007. Melanosomes — dark organelles enlighten endosomal membrane 
transport. Nat. Rev. Mol. Cell Biol. 8, 786–797. https://doi.org/10.1038/nrm2258 Richmond, J.M., 
Frisoli, M.L., Harris, J.E., 2013. Innate immune mechanisms in vitiligo: Danger  

from within. Curr. Opin. Immunol. 25, 676–682.  

https://doi.org/10.1016/j.coi.2013.10.010 
Roep, B.O., Peakman, M., 2012. Antigen Targets of Type 1 Diabetes Autoimmunity. Cold Spring  

Harb. Perspect. Med. 2. https://doi.org/10.1101/cshperspect.a007781  

Ruf, J., Carayon, P., 2006. Structural and functional aspects of thyroid peroxidase. Arch. Biochem. 
Biophys., Chemistry and Biology of Human Peroxidases 445, 269–277. 
https://doi.org/10.1016/j.abb.2005.06.023  



Rui, J., Deng, S., Arazi, A., Perdigoto, A.L., Liu, Z., Herold, K.C., 2017. β Cells that Resist Immunological 
Attack Develop during Progression of Autoimmune Diabetes in NOD Mice. Cell Metab. 25, 727–738. 
https://doi.org/10.1016/j.cmet.2017.01.005  

Saeki, K., Zhu, M., Kubosaki, A., Xie, J., Lan, M.S., Notkins, A.L., 2002. Targeted disruption of the protein 
tyrosine phosphatase-like molecule IA-2 results in alterations in glucose tolerance tests and insulin 
secretion. Diabetes 51, 1842–1850.  

Schwartz, M., Cohen, I.R., 2000. Autoimmunity can benefit self-maintenance. Immunol. Today 21, 
265–268. https://doi.org/10.1016/S0167-5699(00)01633-9  

Schwartz, M., Raposo, C., 2014. Protective Autoimmunity: A Unifying Model for the Immune Network 
Involved in CNS Repair. Neurosci. Rev. J. Bringing Neurobiol. Neurol. Psychiatry 20, 343–358. 
https://doi.org/10.1177/1073858413516799  

Semana, G., Gausling, R., Jackson, R.A., Hafler, D.A., 1999. T-cell autoreactivity to proinsulin epitopes 
in diabetic patients and healthy subjects. J. Autoimmun. 12, 259–267. 
https://doi.org/10.1006/jaut.1999.0282  

Sontag, E.D., 2017. A Dynamic Model of Immune Responses to Antigen Presentation Predicts Different 
Regions of Tumor or Pathogen Elimination. Cell Syst. 4, 231-241.e11. 
https://doi.org/10.1016/j.cels.2016.12.003  

Trautmann, L., Labarrière, N., Jotereau, F., Karanikas, V., Gervois, N., Connerotte, T., Coulie, P., 
Bonneville, M., 2002. Dominant TCR Vα usage by virus and tumor-reactive T-cells with wide affinity 
ranges for their specific antigens. Eur. J. Immunol. 32, 3181–3190. https://doi.org/10.1002/1521-
4141(200211)32:11<3181::AID-IMMU3181>3.0.CO;2-2  

Unger, R.H., Cherrington, A.D., 2012. Glucagonocentric restructuring of diabetes: a pathophysiologic 
and therapeutic makeover. J. Clin. Invest. 122, 4–12. https://doi.org/10.1172/JCI60016  

Yeh, M.W., Ituarte, P.H.G., Zhou, H.C., Nishimoto, S., Amy Liu, I.-L., Harari, A., Haigh, P.I., Adams, A.L., 
2013. Incidence and Prevalence of Primary Hyperparathyroidism in a Racially Mixed Population. J. Clin. 
Endocrinol. Metab. 98, 1122–1129. https://doi.org/10.1210/jc.2012- 4022  

Yu, W., Jiang, N., Ebert, P.J.R., Kidd, B.A., Müller, S., Lund, P.J., Juang, J., Adachi, K., Tse, T., Birnbaum, 
M.E., Newell, E.W., Wilson, D.M., Grotenbreg, G.M., Valitutti, S., Quake, S.R., Davis, M.M., 2015. Clonal 
Deletion Prunes but Does Not Eliminate Self-Specific αβ CD8+ T Lymphocytes. Immunity 42, 929–941. 
https://doi.org/10.1016/j.immuni.2015.05.001  

Zarour, H., De Smet, C., Lehmann, F., Marchand, M., Lethé, B., Romero, P., Boon, T., Renauld, J.C., 
1996. The majority of autologous cytolytic T-lymphocyte clones derived from peripheral blood 
lymphocytes of a melanoma patient recognize an antigenic peptide derived from gene Pmel17/gp100. 
J. Invest. Dermatol. 107, 63–67.  

 


