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T cell vaccination (TCV) is a method to induce resistance to autoimmune diseases by priming the immune system with autoreactive
T cells. This priming evokes an anti-idiotypic regulatory T cell response to the receptors on the autoreactive T cells. Hence
resistance is induced. To prevent the inoculated autoreactive cells from inducing autoimmunity, cells are given in a subpathogenic
dose or in an attenuated form. We developed a mathematical model to study how the interactions between autoreactive T cells,
self epitopes, and regulatory cells can explain TCV. The model is based on detailed data on experimental autoimmune enceph-
alomyelitis, but can be generalized to other autoimmune diseases. We show that all of the phenomena collectively described as TCV
occur quite naturally in systems where autoreactive T cells can be controlled by anti-idiotypic regulatory T cells. The essential
assumption that we make is that TCV generally involves self epitopes for which T cell tolerance is incomplete. The model predicts
a qualitative difference between the two vaccination methods: vaccination with normal autoreactive cells should give rise to a
steady state of long lasting protection, whereas vaccination with attenuated cells should only confer transient resistance. Moreover,
the model shows how autoimmune relapses can occur naturally without the involvement of T cells arising due to determinant
spreading. The Journal of Immunology,1998, 161: 1087-1093.

or ameliorated by priming the immune system with auto- naturally in systems where autoreactive T cells can indeed be con-
reactive T cells. This priming evokes a regulatory T cell trolled by regulatory T cells. The essential assumption upon which
response to the receptors on the autoreactive T cells, which inducegir results are based is that TCV involves T cells reactive to self
resistance to autoimmunity. To prevent the autoreactive cells fronepitopes for which T cell tolerance is incomplete (e.g., T cells
inducing autoimmunity, they are given in a subpathogenic dose (Leactive to subdominant self determinants), and that these T cells
2) or in an attenuated form (3, 4). This vaccination method, termecre present in the mature peripheral repertoire.
T cell vaccination (TCV) has been successful against several
autoimmune diseases, including experimental autoimmune en-

cephalomyelitis (EAE) (3), adjuvant arthritis (5), autoimmune thy- Modeling a T Cell Regulatory Circuitry
roiditis (6) and insulin-dependent diabetes mellitus (7).

In many autoimmune models, the regulatory cells responsibldVe devised a mathematical model for a previously published reg-
for resistance against autoimmunity are anti-idiotypic T cells (8-ulatory T cell circuitry involved in EAE (13) (see Fig. 1). This
13). These cells, which recognize epitopes of the TCR of the augutoimmune disease, resembling human multiple sclerosis, can be
toreactive cells, can, for example, be detected in mice recoverinftduced in mice by giving myelin basic protein (MBP) or activated
from EAE (12, 13). Transfer experiments have demonstrated tha¥IBP-specific T cells. It has been shown that mice recovering from
CD4* and CD8' anti-idiotypic T cells cooperate to down-regulate EAE harbor T cells that are specific for peptides from the TCR of
the autoreactive response. Based on these observations, a regudéLautoreactive clone. Such an anti-idiotypic T cell response seems
tory circuitry for the control of EAE has been proposed (12, 13).& normal physiological response, because it is also evoked if dis-

Here we studied whether and how TCV can be explained inease is induced by giving MBP. Cloned anti-idiotypic T cells were
terms of the proposed interactions between autoreactive and anghown to be CD4 and to recognize the framework region 3 pep-
idiotypic cells. To this end we develop a mathematical model fortide of the autoreactive TCR 38.2-chain in the context of MHC
the cell circuitry involved in EAE (12, 13). Simplification of our II. Because mouse T cells generally do not express MHC Il mol-
ecules, it was proposed that APCs, for example macrophages or B
cells, pick up the \88.2-chain peptide and present it to the CD4
*Theoretical Biology, Utrecht University, Utrecht, The Netherlands; &diision of cells in the context of class Il MHC molecules )AOn adoptive
Immune Regulation, La Jolla Institute for Allergy and Immunology, San Diego, CA transfer, the cloned anti-idiotypic cells were shown to inhibit au-
92121 toreactive responses and to protect mice from MBP-induced EAE
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toimmune encephalomyelitis; MBP, myelin basic protein; LCMV, lymphocyte cho- RB The dynamlcs of each clone is described by a differential equa-

riomeningitis virus. tion of the form:
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dN . ' R (LCMV)-specific T cells and an LCMV protein on the pancreas.
Gt = Influx + proliferation— inhibition — death. The LCMV-specific (“autoreactive”) lymphocytes could be main-
tained in the repertoire without causing autoimmunity even though
All clone sizes N) increase due to an influx of naive T cells from LCMV epitopes were peripherally expressed. Infection with
the thymus and by T cell proliferation. The autoreactive cells pro-LCMV abolished this state of tolerance (19). Thus it seems that
liferate in response to presented self peptides, whereas both reggrior to LCMV infection, cells were ignorant for the LCMV
latory clones proliferate in response to TCR peptides of the autoepitope. Several facts suggest that a similar state of ignorance ex-
reactive cells. Because only little is known about the presentatiofists for the autoreactive cells involved in EAE. Although MBP is
of TCR peptides on MHC molecules, we do not explicitly model known to be expressed in the fetal thymus (20, 21), the fact that
the dynamics of MHC-peptide complexes. Instead we assume thaitrathymic injections of MBP can protect against EAE (22) sug-
this presentation occurs on such a fast time scale compared to thgsts that MBP indeed fails to induce complete self tolerance in
T cell dynamics, that the proliferation of both regulatory clonesnormal mice. Moreover, Maverakis et al. (unpublished data) have
can be approximated to be proportional to the number of autoreidentified a golli-MBP peptide overlapping with the disease-caus-
active cells. All clones decrease in size due to natural cell deathing Ac1-9 MBP peptide, which probably protects Acl-9-specific T
The autoreactive clone is inhibited by the CDBegulatory cells;  cells from negative selection. Due to its high MHC binding affin-
the inhibition term is absent in the equations of the regulatory cellsity, the golli-MBP peptide presumably outcompetes the presenta-
The full model is described iAppendix 1 tion of Ac1-9, leaving the potentially autoreactive Ac1-9-specific
The equations of the CD4and the CD8 regulatory popula- T cells in a state of ignorance.

tions given inAppendix lare very similar. The only difference  Our second assumption was that sufficient triggering of an au-
pertains to the help the CD8population receives from the CD4  toreactive clone pushes the immune system over a threshold and
regulatory population. Because we want to obtain basic, fundainduces a sustained autoreactive response. A mechanism by which
mental insights into the working of TCV, we simplify the model by this could be accomplished was originally proposed by Bottazzo et
lumping both regulatory populations into one regulatory popula-al. (23) and has since then received considerable experimental sup-
tion R (seeAppendix 2. Such a simplification also facilitates the port. T cell stimulation induces IFN; which up-regulates the pre-
analysis of the model. In fact, our simplification amounts to as-sentation of MHC molecules on target cells. This stimulates the
suming that the proliferation of CD8cells is never limited by  presentation of ignored or cryptic self peptides and hence the ac-

help from the CD4 regulatory cells. tivation of autoreactive cells (23). Indeed the aberrant expression
] ) of MHC molecules on target cells has been demonstrated for many
Tolerance and Autoimmunity organ-specific autoimmune diseases (18, 24). Moreover, clinical

In a previous study (15), we demonstrated that TCV can be acdiabetes could be induced in transgenic mice by aberrant expres-
' ion of MHC Il molecules or IFNy on pancreati@3 cells (25).

counted for in a mathematical model if two assumptions are made® o , -
First. we assumed that TCV involves T cells reactive to self 1Nis is incorporated in our model as a positive feedback between

epitopes for which tolerance induction is incomplete. Usual pro-tN€ autoreactive cells and the presented self epitopes. Thus, the

cesses of self tolerance, such as clonal deletion, active regulatioRUMPer of presented self peptides increases with the number of
or anergy induction, might not take place for these self epitope@utoreactive cells (se&ppendix J.

because of inadequate presentation. Indeed, it has been shown tlﬁt

tolerance induction involves only immunodominant, and not sub- esults
dominant or cryptic, epitopes (16, 17). Thus some autoreactivhe simplified model Appendix 2 can be schematized by two
clones would remain immunologically ignorant, lacking both tol- coupled feedback loops (see Fig. 2): a negative loop between the
erance induction and appropriate T cell activation (18). Such aegulatory cellsR and the autoreactive cells and a positive loop
state of ignorance has indeed been found in double-transgenizetween the autoreactive cells and the presented self peides
mice expressing mainly lymphocyte choriomeningitus virusBecause both feedback loops are coupled, it is hard to predict

FIGURE 1. T cell circuitry involved in
the regulation of EAE (13). Different TCR
peptides are presented on APCs in the con-
text of class | and class Il molecules. These
APCs prime CD4 and CD8 anti-
idiotypic cells. The CD4 regulatory cells
(R,), specific for the framework region 3
peptide of the autoreactive TCRP8.2
chain, provide help for the CD8regula-
tory cells Rg). This help may be delivered
indirectly through an APC that is activated
by the regulatory cells. The regulatory :
CD8" cells recognize another determinant '

from the autoreactive TCR, which is pre- \
sented on MHC class | molecules on the

autoreactive cellsA). The inhibitory effect
of the CD8" cells on the autoreactive cells
is thought to be responsible for recovery
from EAE.
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FIGURE 2. Schematic representation of the simplified model, as de- 10
fined in Appendix 2 The autoreactive cell& recruit a regulatory popula- 1073 107t 10 103

tion R, which consists of both CD4and CD8 cells. The regulatory cells 2

R inhibit the autoreactive cellé\ (denoted by the dashed arrow). This

results in a negative feedback loop betwseandR. The autoreactive cells FIGURE 3. Characteristics of the simplified model as definedij
proliferate upon stimulation by presented self epitofgsBecause the ~Pendix 2and schematized in Figure 2. We have plotted the number of
autoreactive cells stimulate the presentation of self epitopes on MHC moltegulatory cellR as a function of the number of autoreactive céllsThe
ecules, for example by IFN-production, there is a positive feedback loop black squares denote the two stable steady states (i.e., the attractors) of the
betweenA andS,. system. In these states both the autoreactive and the regulatory population

do not change over time, i.e.Adlt = 0 and d¥/dt = 0. N represents the
intuitively what will happen if the model immune system is per- normal state of incomplete tolerance: both the positive and the negative
turbed by introducing autoreactive cells. Therefore, we use a matteedback loop are nonfunctional.denotes the vaccinated state, in which

. . ti}e autoreactive cells are actively controlled by the regulatory cells. In the
ematical model to analyze the steady states and the dynamics o : . ) > -
the system atter state the animal is healthy and resistant to autoimmune disease. Au-

toimmunity is represented by the shaded redorin which the number of

Steady states autoreactive cells is extremely high. For each point in the state space (i.e.
for each combination oA and R) the changes in the autoreactive and

The dynamics of the differential equations can be studied USingegulatory populations are defined by Equations 2a andApipegndix 2.

time plots, i.e., by plotting the numbers of autoreactive and regu-One can therefore calculate which initial conditions will lead to the normal

latory cells against time. To study the general behavior of thestate and which to the vaccinated state. The thick line in the figure separates

model, however, it is much more informative to plot the numbersthese initial conditions, and is hence called the separatrix of the system. All

of autoreactive and regulatory cells against each other, as one jaitial conditions to the right of the separatrix lead to the vaccinated state,

used to in FACS analysis. Such a plot is called a “state space.” |Whereas those to the left of the sgparatrix lead to the normal state. Param-

a state space one can mark the attractors or stable steady states‘i%%soggelm“ - rgRO; 0.01p=21=0Ld=1k =01k =1 ¢

the model, i.e., the numbers of autoreactive and regulatory cells to R

which the system is attracted. For the parameters chosen, the sys-

tem described iM\ppendix Zhas two stable steady states, denoted

by the black squares in Figure 3. One of these states is the “nor- ] ) ) ]

mal” state of incomplete tolerance, in which both the autoreactive®Mount to increasing the number of autoreactive cells in the re-

and the regulatory clone are small. In this state, denotedinghe ~ CiPient, we model the induction of autoimmunity by introducing

left-hand corner of Figure 3, both feedback loops are nonfunc?”toreaCt'Ve cells into .the naive state. Flgqqesmows that thIS.

tional. In the other steady state, the autoreactive cells are activel{?d€€d evokes an autoimmune response. Initially (see time goint

controlled by the regulatory cells. We interpret this state as thd" Fig- 42) the autoreactive cells respond vigorously, as they ini-

vaccinated statev; the individual is healthy and resistant to the tiate their positive feedback loop, and reach the high levels that we

autoimmune disease. interpret as autoimmune disease. During the second phase of the
Because the system has only two stable steady states, the injd&SPONse (see time poinin Fig. 4a), however, the regulatory cells
tion of cells into a normal individual will either lead to vaccination €ffectively control the autoreactive cells. The autoimmune disease

or to a return to the normal state. To visualize which steady stat¥@nishes and the system approaches the vaccinated state (see time

will eventually be attained, we have drawn the separatrix of the?@int ¢ in Fig. 4a). In this state the immune system is protected
system (see the heavy line in Fig. 3), which separates all statedd@inst autoimmunity; the number of regulatory cells is so high
leading to the vaccinated state from those leading to the normd'at @ previously pathogenic dose of autoreactive T cells can no
state. Although the system will always end up healthy (i.e., in thd®nger induce autoimmunity (Fig.bj.

normal stateN or in the vaccinated staté), the number of auto-
reactive cells can temporarily become very large. These transier¥
high numbers of autoreactive cells are interpreted as autoimmunityo protect animals against autoimmunity without inducing disease,
(see the shaded region in Fig. 3). In our model the intensity ofone would have to attain the vaccinated state by giving a low dose
autoimmunity is proportional to the number of autoreactive cells.of autoreactive cells. Figure 3 shows that an injection of autore-
(High numbers of regulatory cells only shorten the duration of theactive cells can only lead to a switch to the vaccinated state if the
autoimmune disease.) In many animal models it is indeed observedjected dose is large enough to cross the separatrix. Too small a
that autoimmunity vanishes spontaneously, leaving the animal redose of autoreactive cells failed to initiate both feedback loops.
sistant to subsequent attempts to induce disease (26, 27). Giving a dose of autoreactive cells that is small but sufficient (Fig.
4c), we observe that the vaccinated state is approached while no
autoimmune disease is induced. The proliferation of autoreactive
EAE can be evoked in susceptible animals by introducing MBP orcells is so slow that the regulatory cells can keep up with them and
activated autoreactive T cells. Because both methods ultimatelgontrol the autoreactive cells from the start.

accinating with normal autoreactive T cells

Evoking autoimmunity
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FIGURE 4. Model experiments. The large panels show the model behavior in conventional time platsetsshow the same behavior in the state

space of Figure 3. The thin lines in these state spaces represent the sizes of both clones at subsequent moments in time. The letters in the figures denote
corresponding time points in the state spaces and the time plots. Note that to be able to discriminate between the naive and the vaccinatetestate the sta
spaces have logarithmic axes, whereas the behavior in time is plotted on a linear axis in order to discriminate between autoimmunity and \féecination.
difference between the vaccinated state and the normal state is hardly visible in the time plots, which reflects the realistic notion that the number of
autoreactive cells is small in both statesA large dose of autoreactive cell& & 100) given in the normal stafd (see dashed line) causes a vigorous
autoreactive response that is interpreted as autoimmunity. Eventually the vaccinated state is approached, leaving the animal healthyt dod resistan
autoimmunity.b, If the same large dose of autoreactive celis<{ 100) is given in the vaccinated sta¥e(see dashed line), the regulatory cells are able

to control the autoreactive response. There is no autoimmune disease and the system returns to the vacciratddstatiedose of autoreactive cells

(A = 0.5) given in the normal stafe leads to a switch to the vaccinated st¥teshile no autoimmune disease is inducddAttenuated autoreactive cells

or regulatory cellsR = 10) given in the normal stati (see the vertical line) are able to confer transient protection. If a previously pathogenic dose of

live autoreactive cellsX = 100) is given when the concentration of regulatory cells is still large (see the horizontal line), the system switches to the
vaccinated state while no autoimmunity is induced.

Vaccinating with attenuated autoreactive T cells disease (see the horizontal line in Figl) 4the latter cells prolif-

TCV has also been achieved with large doses of attenuated aut§T2t€ 1€ss vigorously and approach the vaccinated state without

reactive cells (3, 4). Because attenuation blocks cell division, thé€aching the high numbers required for autoimmunity (Fd. 4
ultimate effect of an injection of attenuated autoreactive cells is a " SUmmary, the model predicts a qualitative difference between
stimulation of the regulatory cells. This will obviously lead to pro- vaccination with normal and with attenuated autoreactive cells. A

tection against disease, because it is a way to stimulate the regl?w dose of normal autoreactive cells can lead to a switch to the

latory feedback loop without stimulating the disease-causing pOS\_/accinated steady state. Therefore it is an all-or-nothing phenom-

itive feedback loop (see Fig. 2). According to the separatrix of€non that gives r_ise to long-lasting protection. Inqculation wi_th
Figure 3, however, it should be impossible to attain the vaccinate@ttenuated cells, in contrast, can only confer transient protection.
state by introducing attenuated cells. Stimulating the regulator)?ecause resistance reduces with time, the latter form of vaccina-
cells only, one can never cross the separatrix, because the vacdion should be dose dependent.

nated state requires that the positive feedback loop between the . )

autoreactive cells and the presented self epitopes is initialized?ek’ms'ng disease

Thus as soon as the attenuated cells have disappeared, the reguddthough animals often spontaneously recover from autoimmu-
tory population will gradually decrease due to normal turnover.nity, many human autoimmune diseases are characterized by re-
We conclude that, according to the model, long-term protectiorapses. It has been suggested that such relapses are due to the
against autoimmunity can never be obtained by introducing attenstimulation of newly recruited T cells reactive to spreading deter-
uated autoreactive cells only. Transiently, however, the attenuatechinants (28, 29). In our model, relapses can also occur in the
cells can provide protection against disease and hence account fabsence of determinant spreading. The vaccinated state of our
TCV. If the number of regulatory cells stimulated by the attenuatednodel need not be a stable steady state; instead, for particular
autoreactive cells (see the vertical line in Fig) & still high when  parameter combinations, it can be unstable (denoted by the open
live autoimmune cells are introduced to challenge an autoimmunsquare in Fig. eft) and be surrounded by an attracting limit cycle
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FIGURE 5. Relapsing autoimmunity. Far= 12 the vaccinated stat (denoted by the open square) is no longer an attractor of the system. Instead
the system oscillates around the unstable vaccinated state. Here the oscillations are so large that the autoreactive cells repeatedly pasetioough t
of disease. This can be interpreted as a relapsing autoimmune disease. Note that, because of the parameter change, the axes had to be changed.

corresponding to oscillatory behavior. For the current parametefor TCV (see Ref. 33), we have based our model on the experi-
setting such oscillations are observed if the inhibitory effect of themental data on EAE. However, the model’'s simplicity allows one
regulatory cells is increased or the saturation constant for stim-to generalize the results to other autoimmune diseases as well. Our
ulation of regulatory cellk, is decreased. The system will then analysis suggests that TCV is a natural phenomenon when auto-
oscillate around the vaccinated state. If the oscillations are suffireactive cells can be controlled by anti-idiotypic regulatory cells.
ciently large, the autoreactive cells repeatedly pass through th@accination in our model relies on the stimulation of anti-idiotypic
region of disease, which would be observed as a relapsing diseasegulatory T cells by giving either attenuated autoreactive cells or
(Fig. 5). Recent experiments showing that relapses in EAE do no& dose of normal autoreactive cells that is too small to induce
require spreading determinants, but can be driven by T cells reaatisease.
tive to the initial dominant determinant of MBP (30), support this  The results of the model hinge upon the assumption that TCV
mechanism for relapsing disease. involves T cells reactive to self peptides for which tolerance is
According to the model, TCV should fail to provide protection jncomplete. Obviously low affinity autoreactive clones may escape
against such a relapsing disease. If a large oscillation surrounds thm tolerance induction. High affinity autoreactive clones, on the
vaccinated state, there is no state of protection the system cagther hand, may remain in a state of immunological ignorance due
switch to. The only possibility of curing such a relapsing autoim-tg the poor presentation of their specific self epitopes. The auto-
mune disease would be to induce a switch back to the normal statezactive cells might, however, be subject to some kind of tolerance
Because this would require breaking the positive feedback loop ofduction. For example, the number of autoreactive cells in the
autoreactive cell-induced Ag presentation, this is probably too difnormal state could be reduced due to negative selection. In our
ficult. Moreover, if the cause of the autoimmune disease is stillngdel this would correspond to a lower inflmg which would not
present, one would expect autoimmunity to recur. affect the qualitative results of our model. Some experiments have
suggested that interactions between autoreactive cells and regula-
tory cells prior to vaccination are essential for a positive outcome
We have studied TCV for self epitopes for which self tolerance isgf TCV (34, 35). Our interpretation of these data is that autoreac-
incomplete. The presentation of such self peptides strongly detive cells could be responsible for the positive selection of regu-
pends on the stimulation by autoreactive cells. The presentation Qftory cells in the thymus. We have studied the effect of such a
other self peptides, which are generally visible to the immune syspqsitive selection by modeling the source of regulatory cells as a
tem (e.g., dominant epitopes), need not depend on the presence gfction of the autoreactive cells. We found no qualitative change
autoreactive cells. In our model such self peptides would be chargt the results as long as the number of regulatory cells in the

acterized by a low value &, (seeAppendix . If ky is low there  ,5rmg) state remained too low to actively control the autoreactive
is no normal stat&l of the system, because the self epitopes always.q|is.

trigger the autoreactive cells. The only stable state that is leftis the There is increasing evidence that infectious agents play an im-
regulated stat®. Indeed, inhibition or depletion of certain T cell portant role in the initiation of autoimmune responses (36—38).

subsets can lead to autoimmunity (31, 32), suggesting that reguy;minant epitopes on infectious agents might cause autoimmunity
latory cells were down-regulating the autoreactive T cells. Thusy, inqcing a cross-reactive immune response against self epitopes
TCV is inducing a switch to an active form of tolerance, which the 39, 40). Alternatively, tissue damage and up-regulation of MHC
immune systgm itself failed to attain due to the poor presentatio%xpression induced by infectious agents might induce an immune
of the self epitopes. response to epitopes that were not well displayed previously (18,
28). These data confirm our notion that autoreactive cells that have
remained immunologically ignorant can initiate their positive feed-
Using a simple mathematical model we have analyzed whether anliack loop in the context of an infection and hence cause
how the interactions between autoreactive cells, self peptides, aralitoimmunity.

anti-idiotypic regulatory cells can explain the phenomena de- Based on the data on EAE, we have analyzed TCV for systems
scribed as TCV. In contrast with more phenomenological modelsvhere autoreactive cells are controlled by anti-idiotypic cells. It

For which self Ags do we expect TCV?

Discussion
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can easily be seen that the model results do not change qualitas(ppendix 2. The Simplified Model

tively if this regulation is not anti-idiotypic, but rather occurs at the
level of the Ag. If the regulatory cells were to be Ag-specific rather
than anti-idiotypic, their stimulation functio®, (see Equation 1e)
would remain similar. The autoreactive cells indirectly stimulate
Ag-specific regulatory cells because they up-regulate the presen-
tation of self peptides. Thus, the results of our model also hold for
systems where autoimmune control is Ag-specific. An example
would be the regulation of autoimmunity by T-helper type
switches (41).

To obtain basic insights into TCV, we simplify the full model described in
Appendix 1 by lumping the CD4 and CD8 regulatory cells into one
regulatory populatiorR. The simplified model becomes:

Mt PAS, — iAR — dA — €,A?, (2a)

at mg + pPRS — dR— R,

(2b)

Our model predicts a qualitative difference between vaccinatio?!Né"e S ands; are as defined by Equations 1d and le.

with normal and vaccination with attenuated autoreactive cells
Because vaccination with normal autoreactive cells leads to a
switch to the vaccinated steady state, this type of vaccination givesl:
rise to life-long protection. Vaccination with attenuated autoreac- ,
tive cells or with recombinant single chain TCR proteins (42), on
the contrary, should only confer transient and dose-dependent
protection. This is a strong prediction that can be tested s
experimentally.

The relatively new method of vaccinating with DNA has re-
cently also been used in TCV (43). Waisman et al. (43) used DNA
encoding a TCR V-region to induce resistance against EAE upon
intramuscular injection. For yet unknown reasons vaccination with
DNA encoding foreign peptides is known to induce long-term im- 6.
munity, which is probably due to the stability of episomal DNA in
slowly dividing muscle cells (44). Such a long-lasting stimulation -
of the regulatory cells might indeed keep the regulatory response
at a high level and thus protect against autoimmunity.

Appendix 1. The Full Model

The full model for the regulatory circuitry as presented in Figure 1 incor- 1.
porates three T cell clones: an autoreactive cldn@ CD4" regulatory
cloneR,, and a CD8 regulatory cloneRs. The dynamics of these three

clones are modeled by the following differential equations:
11.

G = Ma+ PAS, — ARy — dA - €A, (1a) "
G = MRt PRS —dRi— &R, (1b) 13
dRg 5 14.
G = Met PRSH — dRs — &Ry, (1c)

15.
where the number of presented self epitog®d and the number of pre-

sented autoreactive TCRSY are given by: 16.
d A
andS; = m .

STt A (1d.e)

The influxes of autoreactive and regulatory cells from the thymus are repqg
resented byn, andmg, respectively. The maximum proliferation rate of all

T cells isp. Autoreactive cells proliferate in response to presented self19.
peptides §,), whereas both regulatory clones are stimulated by presented
autoreactive TCRsS,). Because the presentation of self peptides is as-
sumed to be reinforced by activated autoreactive cells, the presented sezlé
epitopesS, are modeled as a saturation function of the number of autore<"
active cells. The stimulatory effect of the autoreactive cells on the regula-
tory cells is also modeled by a saturation functigg)( Previously, we have 57
used more complicated proliferation functions (15). Here we aim for max-
imum clarity by taking simple saturation functions. For their proliferation,
CD8" cells require both their specific ligand and T cell help from CD4
cells. T cell help can be modeled by another saturation funétiang.H =
R./(k, + R,). Autoreactive cells are inhibited by CD&egulatory cells at
ratei. If clone sizes are small, cells die naturally at rdté-or large clone
sizes, cells undergo an extra concentration-dependent cell death (the terms
euN?), which is supposedly due to competition. Note that because so many
parameters are unknown, time and all parameters have been scaled irnta.
arbitrary units.

22.

17. Cibotti,
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