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Excitable dynamics of flares and relapses
in autoimmune diseases

Yael Lebel,” Tomer Milo," Alon Bar," Avi Mayo," and Uri Alon-?*

SUMMARY

Many autoimmune disorders exhibit flares in which symptoms erupt and then decline, as exemplified by
multiple sclerosis (MS) in its relapsing-remitting form. Existing mathematical models of autoimmune
flares often assume regular oscillations, failing to capture the stochastic and non-periodic nature of
flare-ups. We suggest that autoimmune flares are driven by excitable dynamics triggered by stochastic
events auch as stress, infection and other factors. Our minimal model, involving autoreactive and reg-
ulatory T-cells, demonstrates this concept. Autoimmune response initiates antigen-induced expansion
through positive feedback, while regulatory cells counter the autoreactive cells through negative feed-
back. The model explains the decrease in MS relapses during pregnancy and the subsequent surge
postpartum, based on lymphocyte dynamics. Additionally, it identifies potential therapeutic targets,
predicting significant reduction in relapse rate from mild adjustments of regulatory T cell activity or pro-
duction. These findings indicate that excitable dynamics may underlie flare-ups across various autoim-
mune disorders, potentially informing treatment strategies.

INTRODUCTION

Autoimmune diseases are disorders in which the immune system attacks healthy cells and tissues. These conditions can affect many different
organ systems with diverse symptoms. One common feature of many autoimmune diseases is the occurrence of flares, also called relapses.
Relapses are episodes of increased disease severity. Autoimmune diseases are thus often characterized by relapses and remissions in which
symptoms appear and then subside. Examples include multiple sclerosis (MS),' rheumatoid arthritis,” inflammatory bowel disease” (IBD),
lupus,” myasthenia gravis,” and psoriasis.” There is also evidence for relapsing-remitting or cyclical Graves' disease,””* although the under-
lying physiological mechanisms are not fully understood.’

Several factors can trigger a flare, including infections, stress and exposure to certain drugs or other environmental factors.'”'? It is
believed that these triggering factors may disrupt the balance between immune effector cells and regulatory cells, causing an enhanced auto-
immune attack.'*"

The rate of relapses varies between autoimmune diseases. In MS, one of the best studied diseases, relapse rate averages about 0.6/year.'”

The development of autoimmune diseases and flares is influenced by genetic and environmental factors, but the specific mechanisms un-
derlying these processes are not yet fully understood.'® A better understanding of the underlying mechanisms that contribute to flares could
inform treatment strategies aimed at reducing relapse rates. Therefore, it is important to identify potential unifying mechanisms that could
explain the occurrence of flares across different autoimmune diseases.

Mathematcial studies on autoimmune flares have focused on models of the immune system that give rise to oscillatory flare
dynamics.'”"'? Flares in these models thus have a defined period. However, this periodicity is at odds with clinical data in which
relapses do not seem to have a defined period.'*?° Moreover, these models typically do not incorporate the impact of envi-
ronmental triggers on flare occurrence, which have been suggested to be major contributing factors to flare events in autoimmune
diseases.”'*?

Here we hypothesize that flares result from excitable dynamics in the immune system. Excitability is a property in which a triggering
event causes a large pulse of activity that returns to a locally stable baseline. Unlike oscillatory models, each new pulse requires a new
triggering event, and flares thus appear stochastically with no defined period. We present a minimal model of immune effector and reg-
ulatory cells which shows excitability. Flares are triggered by factors such as stress and infection that push immune activity beyond a
threshold. We compare the model predictions to datasets on MS relapses, and describe relapse changes during pregnancy. The model
suggests that mild interventions in certain key parameters can profoundly reduce the relapse rate, offering directions for future treatment
strategies.
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Figure 1. Excitable model of the immune system shows stochastic flares
(A) A time course of a patients’ symptoms taken from the MSOAC database.

(B) Relapse-free times and relapse hazard rates of all patients in the database that have precise relapse dates.

(C) Relapse-free survival and hazard for oscillatory behavior from 500 simulations.
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(D) Schematic of the relapse model in which autoreactive effector T-cells Akill tissue cells, releasing autoantigen that enhances proliferation of Aand of regulatory

cells R that inhibit A.

E) Circuit diagram of relapse model.
F) Model equations. For definition of the parameters used in E and F see STAR Methods.
G) Relapse-free survival and hazard in the relapse model from 1000 simulations.
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RESULTS

Relapse statistics in MS suggest stochastic excitability rather than oscillatory dynamics

H) Stochastic simulations show spike-like flares of A.
1) Zoom-in on a single flare with a rise in A followed by a rise in R, a decline in A and a slower decline of R.

To investigate the temproal distribution of relapses we analyzed the Multiple Sclerosis Outcome Assessments Consortium (MSOAC) data-
base.”® This database contains records of patients in placebo arms of clinical trials done in MS patients from the year 2012 onwards. The data-
base contains 139 relapses with exact dates from 31 patients with relapsing-remitting MS (Table Relapse Events - Clinical Data in the deposited
data). A time course for one patient is shown in Figure 1A. The relapse-free survival probability (see STAR Methods) is exponential, with a mean
of 191 £ 10 days (Figure 1B). In other words, the probability of a relapse per unittime, known as the relapse hazard, is roughly constant in time.
This analysis precludes an oscillatory mechanism of relapses, which would have a specificinter-relapse time, so that the relapse free survival
is sigmoidal and drops around a specific interval duration (Figure 1C). The observed exponential distribution of relapse-free survival times
does not have such a typical interval period. This observation, together with the spike-like nature of the relapses, suggest a mechanism in

which stochastic effects cause flares in an excitable system.
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An excitable model of the immune system shows stochastic flares

We developed a minimal mathematical model of autoimmune flares based on well characterized immune interactions. Our goal was to inves-
tigate whether a simple model of immune activity could exhibit excitability, characterized by the ability to produce stochastically occurring
flares of activation with a constant probability per unit time, and a refractory period.

We focus on autoimmune effector T-cells, which we denote as A. These CD4 and CD8 T-cells can target and attack healthy tissue (Fig-
ure 1D). This attack releases autoantigens, which raise the proliferation rate of the effector cells.'®?" The autoantigens also induce prolifer-
ation of regulatory T-cells, such as Foxp3+ Tregs, which we denote as R.”> These regulatory cells suppress the effector cells.'*?

We model these interactions using differential equations for the rate of change of A and R (Figures 1E and 1F). We explored various math-
ematical models based on the known interactions between these two cell types and ultimately arrived at a simple model that exhibited strong
excitability (see STAR Methods for alternative models).

This model, which we call the relapse model, is based on the production and removal of effector T-cells (A), whose proliferation rate is
proportional to autoantigen levels. The autoantigen level is proportional to A becuase an autoimmune response releases autoantigen, result-
ing in an autocatalytic proliferation of A that goes as A?. To avoid singularities in which A goes to infinity, we employ a carrying capacity term in
which proliferation drops to zero when A reaches a maximal level C.”~*” This carrying capacity can be due to the limited number of naive cells
with the required reactivity, their maximal clone size determined in the lymph node,*® and limitations of physical space and growth factors.

The effector T-cells A are inhibited by regulatory T-cells R as described by a negative 'mass-action’ term proportional to the product AR.
This term models effects which require proximity of A and R cells, including direct killing by contact or local consumption of IL2 by R cells.*"*
Under normal conditions, regulatory T-cells are produced and eliminated at baseline levels, meaning that the number of cells in a given lymph
node remains relatively stable. However, in the presence of autoantigen, their replication rate increases, leading to an increase in the number
of regulatory T-cells, represented by a term proportional to AR. Our model assumes that the maintenance of tolerance toward autoreactive
T-cells at baseline levels is mainly driven by the baseline levels of regulatory T-cells, rather than the natural turnover of these cells.**

To model stochastic activation of the effector T-cells we add a noise term to the equation for A. The noise term is essential to trigger the
flares. The noise term can represent at least two known factors that enhance the rate of relapses. The first is infections which can activate
autoimmune responses in susceptible individuals.** This is effectively an increase in A production rate. The second is stress, which acts
through endocrine and neuronal pathways to affect the immune system. >

We note that a noise term can also be added to the R equation, although this does not result in qualitative changes to our conclusions (see
STAR Methods).

Simulations of the resulting differential equations show stochastic flares (Figures 1G and 1H). In each flare, A rises sharply, followed by a rise
in R which inhibits A (Figure 11). The flare ends with an exponential decrease of R. A new flare is formed when noise triggers the excitable
system again. The relapse model shows flares whose timing is exponentially distributed (Figure 1G), as observed in the MS dataset.

The dynamics produced by the relapse model qualitatively agree with studies that show an increase of T helper cells during relapses and
an enhanced presence of regulatory T-cells during remission.*’*®

Our findings suggest that the relapse model, which captures key immunological interactions, can exhibit excitability and generate flares or
relapses that resemble those observed in MS and other autoimmune diseases.

Rate and shape of flares are governed by specific model parameters

To understand the relapse model we employ a phase portrait analysis using nullclines® (Figure 2A). Each nullcline represents the steady state
of one variable when holding the other variable fixed. This decomposes the feedback loop into two arms”*": one arm in which A induces R,
and the other arm in which R inhibits A. The crossing points of the two nullcline curves are the fixed points of the system.

Thefirstnullcline (% = 0, inred)shows how the Rsteady state monotonically rises with A. The second nuIIcIine(‘é—f = 0,inblue)hasaninverse-N
shape. Inhibition of Aby R explains the leftmost descending arm of this nullcline. When Ris at intermediate levels, autostimulation of A dominates
over its inhibition by R, which results in an ascending curve. Finally, at high A, effector cell production decreases as the population approaches its
carrying capacity, resulting in another descending arm of the nullcline. The inverse-N shape of the A nullcline is important for excitability.*?

Excitability occurs when the nullclines cross in the left declining segment of the N-shaped nullcline. This provides a single stable fixed
point, representing a physiological state in which autoimmune effector T-cells are present and held in check by regulatory T-cells. The pres-
ence of such autoimmune T-cells in the healthy population which can target cells involved in autoimmune diseases such as MS, type 1 dia-
betes and thyroiditis, has been documented.®**3

When noise - including infection or stress - pushes the system away from the stable fixed point and across the ascending branch of the A
nullcline, the system enters the excitable region (point 1in Figure 2B). Effector cells A grow rapidly due to the A% term, and reach a value close
to their carrying capacity C (point 2). This induces growth of R cells (point 3) which inhibits the A cells until they return to the first descending
branch of the A nullcline (point 4). Finally, R cells decline and the system returns to baseline (point 5).

The dynamics of a flare is shown in Figures 2B and 2C, with key timepoints labeled for clarity.

Noise thus triggers flares by pushing the system across a threshold. To calculate the rate of flares analytically we used the Kramer
approach. This method involves calculating an effective potential that determines how likely the system is to cross a threshold after being
perturbed by noise. The potential difference, or AU, represents the potential barrier that the system must overcome in order to start a flare
- alarge excursion in the phase space that returns to the fixed point. The probability of the system crossing this potential barrier is proportional
to exp[—2Y], where o is the amplitude of the noise. In other words, the larger the potential difference and the smaller the noise, the less likely
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Figure 2. Analysis of noise-induced flares

(A) Phase portrait of the excitable system, showing nullclines, with fixed points shown in the inset.
(B)

(C) Temporal evolution of autoimmune and regulatory T-cells during a flare. Numbers in circles indicate timepoints that correspond to the numbers in (B).

(D) Parameter dependence of flare duration, amplitude and inter-flare interval. Model parameters groups are: B = 0.001, G = 0.25,D = 0.15, C = 1000, in
units where flare duration is two weeks, and flare rate is 1/year (see STAR Methods).

Flare trajectory in phase space.

the system is to cross the barrier and generate a relapse. The effective potential and potential difference are therefore key factors that deter-
mine the rate and shape of flares in our model. An exact solution is provided in STAR Methods.
This barrier-crossing dynamic produces an exponentially distributed flare spacings, with mean flare rate

(1) rcexp {’"5—0/*‘ —M] (Figure 2D, STAR Methods).Where Ry = % is the baseline level of the regulatory T cells. The standard deviation of

2
the flare timing ‘|{s eqsglgto the mean since the flare timing distribution is exponential.

The model parameters also affect the shape of each flare (see STAR Methods - relapse shape and duration for details). The flare amplitude
is proportional to the effector cell carrying capacity C. Flare duration is proportional to In C, due to the super-exponential growth of A during
each flare (Figure 2C). After the flare, effector T-cells drop below baseline and regulatory cells are above baseline, making it unlikely to have
another relapse. This is a refractory period whose duration is proportional to ,?TRC The refractory period is typically much shorter than the inter-
spike time, and thus the exponential relapse-free survival distribution is a good approximation at times longer than the refractory period.

We provide a table of estimated parameters in terms of dimensionless parameter groups (Table S1). T-cell lifetimes (both effector and
regulatory) are on the order of days. Since flares entail sufficient damage to cause symptoms, we assume a carrying capacity a thousand times
larger than baseline, C = 10® to allow for large spikes™* - the results remain qualitatively the same for values of Cthat are C =10 or larger. In the
simulations we use dimensionless effector cell reactivity G = 71%? = 0.25 where the steady state is Ay and Ry for A and R cells respectively.

The range of parameters that provides excitability is large (Figure 3A)- a range of several orders of magnitude for each parameter around
the parameters used for Figures 2A-2C- as described in more detail in the next section.

Notably, the model exhibits strong flares despite the fact that autoreactive T-cells and regulatory T-cells have similar turnover rates. This is
unlike standard models of excitable systems such as the Fitzhugh-Nagumo model which describes, for example, neuronal spikes. These standard
models depend on separation of turnover times where the fast variable can rise before the slow inhibitory variable can overtake it. The reason that
the present model shows strong flares is the autostimulation in the A equation (% ~ A?). This causes a super-exponential rise in autoreactive
T-cells - a finite time singularity which is prevented by their carrying capacity. The super-exponential rise outruns the rise in regulatory cells.
The stark nature of the flare can be seen in the nearly horizontal dynamical arrows in Figure 2A, which effectively creates a separation of timescales.
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Figure 3. Phase diagram of the model and transitions to progressive disease

(A) Phase diagram of the different regimes of behavior as a function of the auto-stimulatory parameter G v and regulatory stimulation parameter B 8. See
Figure S2 in the supplementary information for additional phase diagrams.

(B-F) Qualitative time series for the different regimes: B) Single sick state.

(C) Bistability of the healthy and sick states. D) Oscillations between healthy and sick states.

(E) Flare ups.

(F) Single healthy state.

(G) simulations with increasing gamma showing onset of excitable flares which transition to rapid oscillations.

(H) simulations with increasing gamma showing onset of excitable flares which transition to chronic activation. Dimensionless parameters (see STAR Methods):
G(t) =0.25+5:107°t,B=5-10"2in G, G(t) = 0.03+1.4-107°t,B = 3-10 % in H.

Transitions between flares and chronic disease

MS patients can transition from a relapse-remitting disease to a more chronic form called secondary progressive disease in which disability
becomes progressively worse. To understand such a transition, we consider the possible behaviors of the model when parameters change.

We depict these behaviors in a phase diagram in Figure 3A. Excitability occurs in a wide region of parameters. Regimes other than excit-
ability occur when parameter thresholds are crossed. When the autoantigen stimulation parameter v is very low the model shows a mono-
stable situation with no flares - corresponding to a healthy state. When v is very high the model shows a chronically sick state with constant
high autoimmune activation - similar to chronic autoimmune disease states. A region of bistability occurs when regulatory T-cells are weakly
triggered by antigen (low ) - this effectively corresponds to a chronic autoimmune disease once triggered. Finally, oscillations (instead of
excitability) occur in a region of parameter space with high v and intermediate 8 (Figure 3).

One pathway from health to flares to chronic state may be a gradual increase in the stimulation parameter . This increase may be due to
epitope spreading in which damage to a tissue causes the establishment of effector cells (T cells and B cells) to a wider range of antigens than
before the damage.””™ In principle, every flare has a chance to increase v, making the system more auto-stimulatory. A trajectory of
increasing v can transition between the healthy part of the phase diagram, through the excitable region, and finally to a bistable or oscillatory
region (depending on B) (Figures 3G and 3H). In the oscillatory regime, the spikes of the oscillation occur at a period determined by the re-
fractory period, and thus may resemble a chronic autoimmune attack in which each spike is followed closely by another. Both the bistable and
oscillatory endpoints may thus point to a progressive increase in disability.

Model predicts the changes in relapse rate in pregnancy and postpartum

To test the model, we consider the changes in autoimmune relapse rates during pregnancy and the postpartum period. During pregnancy,
the immune system undergoes changes that suppress harmful responses to the fetus, leading to a decrease in the severity of some autoim-
mune disorders. This is due to an increase in regulatory T-cells and anti-inflammatory cytokines.

Data on the relapse rate of MS shows a decline during pregnancy followed by a rebound in the first three months after delivery,*®
Figure 4A.

To compare this to the model, we obtained data on the temporal dynamics of lymphocytes during pregnancy from the Clalit dataset on
about 500,000 pregnancies.’’ This cross-sectional dataset includes 1.5 million lymphocyte counts averaged over each week of pregnancy and
80 weeks postpartum (Figure 4B). Mean lymphocyte counts decrease during pregnancy and increase after delivery, returning to baseline (pre-
pregnancy) level after about 60 weeks.

We reasoned that lymphocyte counts can serve as an approximate measurement for Ag, the baseline level of effector T-cells. We further-
more assumed that the combined effect of decrease in total amount of lymphocyte count and the relative expansion of regulatory T-cells**

iScience 26, 108084, November 17, 2023 5
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Figure 4. Model predicts MS relapse rate variation in pregnancy and postpartum based on lymphocyte counts

(A) MS relapse rate averaged over three month periods from Vukusic et al.

(B) Lymphocyte count blood tests from the Clalit dataset (n = 1.4 million tests) averaged over each week from 60 weeks before delivery to 80 weeks after.

(C) Relapse rate computed from model Equation 1 with rpgseline = 0.6/year and g = 10.

(D) Overlay of computed and measured relapse rates. P value (p) represents the statistical significance of agreement between the model prediction and
observed data.

can be approximately described by constant levels of Ry. We then used Equation 1 to calculate the relapse rate relative to baseline. The rela-
tion between relapse rate r and the relative change in lymphocyte levels € can be written as r = rpaseline€% with a single fit parameter g, using
Ibaseline = 0.6/year. We find that this equation captures the observed dynamics of the normalized relapse rate well with g = 10+4 (R = 0.82,
p < 0.005).

Model suggests parameter modulations to reduce the relapse rate

To explore potential targets for intervention, we asked which parameters of the model affect the relapse rate most strongly. For this purpose
we evaluated the sensitivity with respect to each parameter in the mathematical model. Sensitivity of relapse rate r to a given parameter q is
%{f' (see STAR Methods), which is roughly equal to the percent change in relapse rate for a 1% change in the parameter. We used the esti-
mated parameters from the pregnancy dataset as the baseline system parameters. Schematic and quantitive depiction of the sensitivities are
shown in Figure 5.

We found that most parameters had high sensitivity, with a 1% change in parameters resulting in a greater than 10% change in the relapse
rate. The parameters with the largest effect were the baseline level of regulatory T-cells (Rp), their inhibitory effect (h), and the autostimulation
parameter 7.

Although the carrying capacity (C) and the activation rate of regulatory cells () are included in our model, they have negligible effect on the
relapse rate.The natural turnover rate of autoreactive cells (ma) also had negligible effects within the present parameter range.These param-
eters only affected the shape and amplitude of each relapse.

The high sensitivity for certain parameters is optimistic for treatment strategies. Suppose that our aim is to reduce relapse rate by a factor
of 100, which guarantees lack of relapses because it converts the ~1/year relapse rate to less than 1/lifespan. To achieve this, one need only
have a 15% decrease of v, or a 22% increase in either Iz or h. A combination of parameter changes would require even smaller effects, such as
changing both Iz and h by 11%. Thus, our findings provide hope for developing effective treatments that target immune system parameters
related to the relapse rate.

6 iScience 26, 108084, November 17, 2023
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(A) Parameters in the circuit, letter size indicates the sensitivity of relapse rate to each parameter.
(B) Relative change in relapse rate for a relative change in each parameter. Note the logarithmic y axis. Baseline parameter group is g = 10.

The immune system is a complex system that requires fine-tuning of its parameters for proper function. While the model allows for a large
variety of inter-relapse times, in reality, only a limited range of parameter combinations produce relapse rates that are characteristic of an
active disease. Therefore, the specific combination of parameters that is required for disease activity is likely to lie within a small region of
the parameter space that is consistent with the fine-tuned parameters of the immune system, which presumably were selected to provide
proper pathogen response.

DISCUSSION

We present an excitable mechanism for flares in autoimmune diseases based on a minimal model of the adaptive immune system. The model
describes interactions between autoimmune cells and inhibitory regulatory cells, and shows robust excitatory spikes that occur at random times.
We present evidence based on a medical dataset that flares in MS are not oscillatory but rather have an exponential inter-flare time distribution,
which is explained by the presented model. The model can explain the decline of MS relapse during pregnancy and the postpartum surge in re-
lapses based on longitudinal lymphocyte measurements. It also indicates which interactions might serve as targets to reduce relapse rates. It pre-
dicts that mild intervention in certain regulatory T cell parameters can have large beneficial effects on reducing relapse rate, offering insight to
potential treatment strategies.

The present model indicates that a relapse is triggered when autoreactive cells levels are raised beyond a threshold. The dynamics show a
rapid rise in autoreactive activity, reaching close to its carrying capacity, followed by a rise in regulatory T-cell activation which shuts off the
flare. Several factors may be responsible for triggering the flare, and these are described as noise in the model that affects autoimmune acti-
vation stochastically. One key factor is infections, which are known to often occur before flares in autoimmune diseases such as MS,* lupus,”
and other diseases. Other factors include stress, which has pleiotropic effects on the adaptive immune system and which can incite autoim-
mune flares.”’*?

Excitable systems have been extensively studied in neurons, and their dynamics have been understood using canonical models like the
Fitzhugh-Nagumo model.”*° Typically, strong flares in these models depend on having a fast variable and a slow variable with strong sep-
aration of timescales.” The present model provides strong flares even without explicit separation of timescales between the two equations,
due to a strong autocatalysis of the autoimmune cells. This results in similar timescales near the stable fixed point, but very fast dynamics for A
when the spike is triggered. Indeed, autoimmune cells and regulatory cells are expected to have similar turnover times.

The present model differs from previous mathematical models that treat autoimmune flares as oscillations, because it treats flares as
an excitable system. Oscillatory models predict a periodic appearance of flares, or if they include noise, a periodic appearance with some
stochastic variation, whereas in reality flares usually do not seem to have a characteristic period, as we find in MS data. The present model
predicts an exponential distribution of inter-flare times (at times longer than the refractory period), provided that flares are triggered by a
stochastic process with essentially constant probability per unit time.

We note that oscillatory dynamics in other (non-autoimmune) diseases have been documented.”® The present model has a region of
parameter space in which it has oscillatory solutions.

The model is agnostic to the precise antigen and target tissue, and thus may potentially apply to a wide range of autoimmune diseases
with flares; these include SLE (lupus), rheumatoid arthritis, inflammatory bowel syndrome, psoriasis and Graves' disease.

One may speculate that additional diseases may have a currently unknown flare dynamic. One such disease is type 1 diabetes.”” This dis-
ease has a 'honeymoon phase’ in which initial treatment often causes glucose control to return for a few months, followed by relapse of the
disease. This may indicate flare dynamics. It would be interesting to explore whether chronic diseases such as Hashimoto's thyroiditis also
have flare dynamics during their subclinical phase.

The duration of each flare-up in the model is controlled by the logarithm of the carrying capacity of autoreactive cells, In C. This suggests
that changes in the carrying capacity over time, such as epitope spreading that increases C orimmune decline that reduces C, would have a
relatively minor effect on flare duration due to the logarithmic dependence.
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The model might also provide insight into the transition from relapsing-remitting disease to chronic (secondary progressive) disease as
occurs in MS. This transition may be due to slow changes in the model parameters that cross between the excitable regime and the bistable
or chronic regime in which autoimmunity is constantly active. These slow changes in parameters may occur with the number and severity of
relapses. For example, arise in v, the autoantigen-driven amplification of autoreactive T-cells, can cause a shift to chronic autoimmunity. This
may occur due to increasing autoantigen-sensitivity that occurs with an increasing number of flares due, for example, to antigen
spreading.*>’

The model can potentially also address changes in autoimmune flares with age. Aging generally increases memory Tregs and decreases
memory effector cells,”® together with declining total lymphocytes. The model therefore predicts a decline in relapse rate with age which is
indeed reported in MS.>?

The model offers insights into potential therapeutic targets for treating relapsing-remitting autoimmune diseases. First, our findings sug-
gest that enhancing the production and suppressive effect of regulatory T cells (Tregs) is a promising target. This can be achieved through
various interventions, such as IL-2 therapy, which boosts Treg production and activity,*”** and immune checkpoint inhibitors like CTLA-4 ag-
onists,®* which enhance Treg function.

Second, the model highlights the significance of targeting the sensitivity of autoreactive T cells to autoantigen. Strategies that modulate this
sensitivity are predicted to reduce flare frequency. Relevant interventions include anti-CD3 antibodies®>*’ and immune checkpoint inhibitors.**

The model also bears on effects of cancer immunotherapies on autoimmune diseases. For example, immune checkpoint treatments used
for cancer therapy, while effective in enhancing immune attack on cancer cells, can have the side effect of inadvertently impairing Treg func-
tion, leading to an increased risk of multiple autoimmune diseases.”® The model may also be adapted to analyze immune attack on cancer
cells, raising the possibility that such attack is pulsatile in nature rather than continuous. The parameter modulations found here to reduce
autoimmune relapse rate may be used in reverse as potential targets to increase the rate of flares of beneficial immune attack on cancer cells.

An essential feature of the present model includes intertwined negative and positive feedback loops. This motif is prevalent in other
models of the immune response. For example, a recent model for COVID-19 by Tretter et al. highlights positive and negative feedback loops
in disease progression.®” More generally, autoimmune pulses might be due at their core to a pulsatile design of the anti-pathogen response,
with an autocatalytic phase that ensures a strong response and a shutdown phase that prevents excessive immune damage. Investigating the
shared features of autoimmune flares and pathogen response may further our understanding of the immune system.

In summary, we presented a mechanism in which the interplay of autoimmune and regulatory cells can cause robust flares triggered sto-
chastically by factors such as infection and stress. The model helps to quantitatively predict how changes in the adaptive immune system
translate to changes in relapse frequency. It points to several key interactions as potential targets for reducing the relapse rate - even small
modulation of regulatory T cell production, removal or activity is predicted to have strong effects on relapse rate. Such quantitative ap-
proaches can inform treatment strategies.

Limitations of the study

The present model simplifies the complex interactions in the immune system to highlight fundamental dynamics of autoimmune diseases.
While this approach is insightful, it disregards intricate details that could impact real-world scenarios. Additionally, the current parameter
values are based on available data and assumptions, potentially missing the full spectrum of patient variability. The model’s linear response
assumptions might not encompass the nonlinear nature of immune interactions. External influences, such as genetics, environment, and co-
existing conditions, are not accounted for in our model. Furthermore, our predictions lack direct clinical validation and may not hold in all
disease scenarios. While our model explains pregnancy-related MS relapses, it does not capture the entirety of hormonal and immunological
changes. Lastly, while applicable to diverse autoimmune diseases, our model may not encompass the complete scope of these complex
disorders.
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Deposited data

Relapse Events - Clinical Data MSOAC consortium https://doi.org/10.5281/zenodo0.8180103
Lymphocyte count - pregnant women Clalit Database https://doi.org/10.5281/zenod0.8180103
Relapse Rate of Pregnant Women with MS Vukusic et al.*® https://doi.org/10.5281/zenod0.8180103

Software and algorithms

Source code This paper https://doi.org/10.5281/zenodo0.8180103
Python version 3.9.12 Python Software Foundation https://www.python.org/

Mathematica version 13.2.1 Wolfram Research, Inc. https://www.wolfram.com/mathematica
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources should be directed to and will be fulfilled by the lead contact Uri Alon (uri.alon@weizmann.ac.il).

Materials availability

This study did not generate new unique reagents.

Data and code availability
e Data reported in this paper will be shared by the lead contact upon request.
e The source code used to perform the analysis is available at the GitHub repository as of the date of publication. Github repository:
https://github.com/YaelLebel/Excitable_Relapses. DOl is listed in the key resources table.
e The data used to perform the analysis is available at the GitHub repository as of the date of publication. Github repository: https://
github.com/YaellLebel/Excitable_Relapses. DOl is listed in the key resources table.
e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

METHOD DETAILS
Relapse-free probability and relapse hazard curves from MSOAC database
The MSOAC database contains data on 4370 relapse events from 1151 different patients. The relapse events in the database are either
entered with the exact start date of the event, or with the date it was recorded into the study. The latter can be later than the actual date
of the event, and also depends strongly on the clinical visit frequency. To avoid this, we only used relapse entries that had an exact start
date recorded. This amounts to 31 patients with 139 relapses total.

For each patient with exact relapse dates we calculated the time differences between consequent relapses after the first relapse. We then
calculated the cumulative probability of relapse-free periods. The relapse-free survivability is defined by S(t) = 1 — CDF(t), which is the
probability to have a relapse after time shorter than t. The relapse hazard is defined as the probability per unit time of a relapse given by

H(t) - _ d)OZtS(t)'

Model equations

The dynamics were modeled using two variables - the auto-reactive T-cells (A) and the regulatory T-cells (R). The dynamics are be

described by:

% = Iy — maA + yA2<1 - é) — hAR+V20¢(t) (Equation 1)
% = g — mgkR+BAR (Equation 2)

where £ is Gaussian white noise with mean 0 and standard deviation 6. The parameters are:

® | Rate of production of auto-reactive cells [cell/time].
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Ir: Rate of production of regulatory cells [cell/time].

e my: Natural turnover rate of auto reactive cells [1/time].

e mg: Natural turnover rate of regulatory cells [1/time].

e y: Reactivity of auto reactive cells to antigen [cell™" time™"].

e C: Carrying capacity of auto reactive cells [cell].

e h: Rate of inhibition of auto reactive cells by regulatory cells [cell ™" time™].
e §: Reactivity of regulatory cells to antigen [cell ™" time™"].

e ¢: Noise amplitude [cell?/time].

We assumed that the main mechanism of immune tolerance is regulatory T cells rather than the natural turnover of the autoreactive
effector T cells, which means ma < hRy. This sets a typical timescale for the system ijo'
Using dimensional analysis we reduced the model to five dimensionless parameters:

dA A
s GA? (1 - E) — AR+V2ZE(1) (Equation 3)
dR
e D(1 — R)+BAR (Equation 4)
where the rescaled auto-reactive T-cells are in units of their baseline levels (A = h/_/f%o = l’“h%), the regulatory T-cells are in units of their baseline

levels (Ry = ri]—';) and time is in units of h‘lTo' We assumed that the turnover time of the regulatory cells to be equal to that of the auto-reactive
cells. Other assumptions used were B < 1 (this is necessary in order to have effective shut down of the flare) as well as dimensionless carrying
capacity C much larger than all the other dimensionless parameters (needed for large flares).

Adding a white noise term to Equation 4 does not change the conclusions, and thus for simplicity we added noise only to the effector cells
in Equation 3. The dimensionless parameters used for the simulations in the main text are shown in Table S1.

First passage time

In order to calculate the average time between flares, we used the Kramer approach,’® under the assumption that as long the system is not in a
flare, the regulatory T-cells are at steady state (i.e., R=constant). This allows us to calculate an effective potential for the effector cell equation

dA aU
- = a—A+\/ZE(t)

Since we assume that the steady state of both A and R is much smaller than C, namely A/C < 1, we have:
hRo

_ NRo o Yas
U(A) = IAA+2A 3A

The potential U(A) has a minimum at the steady state A and a maximum at Ay, above which the system enters the excitable regime.

These points are at the zeros of the derivative 33

w_,
oA~ A

hRO — 4/ (hRo)z — 4')’/,4 hR0+\/ (hRo)z — 4’)/IA
= 2 7Ath =
Y 2y

In order to calculate the mean crossing time, we need to calculate the potential difference between these two values. This results in AU =

(hRo)® _ hRyla
6y? v

— (mA + hRo)A — ’)’Az =0

st

. where we used the approximation vls < (hRy)?. Using Kramer's approximation’” the average time to cross the threshold is:

3
T = 2m\/ U (An)U" (Ast)exp [ATU] hRo exp [(2521)7 - h?lﬂ

Rationale for noise in the A equation

We considered the effect of adding noise to both the A and R equations. Noise in the A equation is far more impactful on the excitability of the
systems than noise in the R equation, because to effectively suppress flares, a condition § < hor equivalently B < 1 must be met. This leads
to a nearly horizontal vector field near the steady state (as depicted in Figures 2A and 2B). Consequently, fluctuations in the vertical direction
(i.e., in the R equation) have a lesser influence on the likelihood of crossing the threshold.
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A second consideration involves the ability to solve the dynamics analytically. The differential equations lack a potential U(A, R) that can
satisfy both &4 = — 98 and & = — 9B As a result, introducing noise to both equations prevents analytical solutions using a Kramers

approach. We therefore opted to introduce noise solely in the A equation.

Relapse Shape and Duration
Once aflare is initiated, the dynamics is dominated mostly by the deterministic part of the model. The flare can be divided into three parts,
as is seen in Figure 2C. We now analyze the duration of each of the parts:
(1) Rapid exacerbation: this regime is characterized by a quick rise to the carrying capacity C. The dominant part in the A equation is the
quadratic and we assume A<<C for most of the way (omitting this assumption has negligible effect on the result). R remains in its
steady state to a good approximation. We integrate the equation for the time evolution of A to find:

FdA 1
LR e
Ath

(2) Shutdown of the flare by increase of R. The trajectory in phase space slides along the A nullcline (which means % = 0, canbeseenin
Figure 2B) until Ryax = %. Along the nullcline, since A ~ C, we can approximate:

R

A=C—-—=

G

Inserting this into the time evolution for R and integrating we have:
Rmax =15 ¢
. / A dR [nA_O
y = _ =
R 6C
BR{C — =
[ ey

(3) Slow shutdown of the regulatory response, with a refractory period. This regime is characterized by a slow decline along the leftmost
declining leg of the A nullcline until returning to the steady state (see Figure 2B). In this part of the nullcline we can approximate:

1
A=—
R
Inserting this into the time evolution of R and integrating we find:

Ret mRC
dR I”( 8

D+B — DR mg

T3 =

Rmax

For further analysis of the effect of parameters on flare shape, see Figure S1 in the supplementary information.

Pregnancy

3
Using the expression for the first-passage-time, we obtain an expression for the relapse rate: r = hLRo exp[f (2% +@]. Using this, we es-
timate the effect that a small change of production rate [a— (1 +€)la has on the relapse rate: r(e) = rpaseiine €XP[qe], with

3
Ibaseline = ,ﬂToexp[ - (253{)7 +@] andqg = @ . The baseline level was taken to be rpaseiine = 0.64 which is the baseline (pre-pregnancy) relapse

rate in Ref *® in agreement with the average relapse rate reported more widely in the literature. These relapse rates are shown in table Relapse
Rate of Pregnant Women with MS. In order to estimate o we used lymphocyte counts from pregnant women from the Clalit database, which
can be seen in table Lymphocyte count - pregnant women in the deposited data. To compute ¢, we divided the baseline level by the mean
lymphocyte count at each week of pregnancy and postpartum. Since the lymphocyte count is provided by weeks, we averaged over 13 week
periods to match the relapse data measured in trimesters. Fitting employed the Levenberg-Marquardt algorithm through Scipy’s curve_fit()
tool,”" with a single fit parameter q.
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Sensitivity analysis
Sensitivity of variable v to parameter q is defined as.
Sensitivity(p) = %2;72
We used a first order Taylor expansion to determine the sensitivity of the relapse rate to each of the parameters. The sensitivities are listed

in Table S2.

Alternative models

Ratiometric inhibition of A by R

We analyzed a model variant in which inhibition of A by R is described as a ratio with R in the denominator, instead of a difference. The model
equations are:

dA Y. A
E = IA — mAA+EA (1 —E)

dR
— = lr — mgR+BA
pm R rRR+6
The parameters have the same biological meaning (even though some have different units) as those presented in the model equa-
tions part.
Although the nullclines in this model shows the classical N-shape that allows for excitability, the range of parameters needed for excit-
ability did not result in strong spikes with high amplitude of A.

Dynamics limited by self-tissue
We also analyzed a model variant in which the autoimmune attack is limited by the loss of self-tissue target, rather than by the regulatory
T-cells denoted R. This model has two variables: autoreactive cells (A) and healthy tissue (H). The model equations are:

dA of, A

E = IA — mAA+b"yHA (1 76)
dH
E=IH—mHH—ﬁHA

With the following parameters: Iy [<2]: production rate of healthy tissue cells. my [;---]: natural removal rate of healthy tissue cells. miH is

m] autoimmune

the turnover rate of the healthy tissue. r,THH is the steady state of the healthy tissue without auto-immune killing (8 = 0). 8 [
killing rate. la, ma are the same as Iy, m} but for the auto-immune cells. v [I]: the stimulation rate of A due to self antigen released by killing.
C [cells] carrying capacity of A.

This model has an intrinsic separation of timescale because the typical turnover of the auto-reactive cells is on the order of hours to days,
whereas the typical turnover rate of tissues is of the order of weeks or longer.”® This separation of timescales allows for analysis similar to the
FitzHugh-Nagumo model. In this model, the flare is shut off when the healthy tissue level declines close to zero. This stands in contrast to
observations that regulatory T-cells are mainly responsible for the shutdown of the flare. Moreover, in MS and other diseases, the healthy
tissue (e.g., myelinating oligodendrocytes in MS) does not seem to decline to zero upon a flare up. Therefore we preferred the model in

the main text.
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