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Supplementary Material
1  THE BASIC CROSS-REGULATION MODEL IN ABSENCE OF INFECTION

The model describes the dynamics of the density of Teffs £ and the density of Tregs R in a clone of T

cells by the following set of differential equations:
dE

& = m,E, — 8.E and > = m.R, — 6,R, [1]
where E4 and R, are the densities of activated Teffs and Tregs, respectively, m, and &, are the
proliferation and death rates of Teffs, respectively, and m,- and 6, are the proliferation and death rates
of Tregs, respectively. The dynamics of T-cell activation is modelled as the result of productive
conjugations between these cells and their cognate APC, whose density is denoted by 4. As an
approximation, the processes of conjugation and deconjugation is assumed to happen at a faster time
scale than the one governing changes in the T-cell density. Under this assumption, the density of
conjugates is assumed to be in quasi-steady and one can calculate the total density of conjugated T

cells as:

C= 1+K(SA+T)—\/(1+2KK(SA+T))2—4sATK2’ [2]
where T = E + R and «x is the conjugation constant (i.e., the ratio between the conjugation and
deconjugation rates), and s is the number of conjugation sites per APC (assumed to be 2 here). A
detailed derivation of this formula can be found elsewhere (1).

The density of conjugated Teffs (E.) and Tregs (R.) is assumed to be proportional to the relative density
of each cell type at a given time, i.e.,

Ec=——Cand R, = ——C. 3]

In turn, these cellular densities are used to calculate fraction of APC conjugation sites that are occupied
by Teffs and Tregs as follows

0, = =<and 6, = [4]

The densities of activated Teffs (E,) and Tregs (R,) are finally obtained from the respective conjugated

density based on the following functions:
26, 26,
EA=EC(1—29)andRA=RC( ) [5]

e 2-06,

These are ad hoc functions which have been chosen to capture the complex non-linear interactions
between Teffs and Tregs in multicellular conjugates, originally described in Leon et al. (1). These
functions allow the model with two conjugation sites to display bi-stability as well as bifurcations and
modulation of the basins of attraction of the steady states comparable to those obtained with higher
numbers of conjugation sites.

2 EXTENDED CROSS-REGULATION MODEL TO DESCRIBE CHRONIC VIRAL
INFECTIONS

The above cross-regulation model is here extended to the scenario where a viral infection occurs at a
given instant t. The main objective for constructing this extended model is to provide a quantitative
framework where the role of Tregs on ME/CFS can be discussed. With this objective, the dynamics of
the responding T-cell clone is firstly described by the basic cross-regulation model from birth (t=0) to



Supplementary Material

the instant t. Then, the dynamics of the responding T-cell clone and its cAPC are changed by the
infection. Since infections by HHV6, HSV1 and EBV are chronic in human populations, the viral
density / is described by a logistic growth curve with carrying capacity y and growth rate w, which is
affected by an inhibitory interaction term with activated Teffs associated with viral “death” rate §,,:

A _ ol (1 - é) — 8,1E, [5]

dat*
where t* = t — 7. Note that /(#)=0 for #<t. For simplicity, the parameter y is normalized between 0
and 1, where 1 is the maximum viral carrying capacity of a given individual. In turn, the dynamics of

cAPC 4 is assumed to follow the differential equation

8= 5= 5,A+wl —plE,, [6]

where s represents a constant influx of cAPC, §, is the death rate of cAPC in absence of infection, w
is the differentiation rate from monocytes to cAPC upon infection, and p is the removal rate of infected
APC by the action of activated Teffs. For a matter of simplicity, the dynamics of cAPC was assumed
to be quasi-steady as function of 7, which leads to the following simplification

A(t) = Ay +01(1 — k4Ey), [7]
where Ay = s/84,0 = w/d, and kg = p/w.Note that 6 reflects the ratio between differentiation rate
promoted by the virus and “natural” death rate of APC. In practice, this ratio can be set as a negative
value, which can be interpreted as the capacity of the virus in directly killing cAPC (i.e., a negative
value for w).
Since CD4+ T cells are main targets of HHV6 and HSV 1, it is assumed to these cells would not remove
their cAPC upon conjugation. As a consequence, the parameter k, is set to zero for these infections.
The resulting dynamics is given by the following equation

A(t) = Ay + 061, [8]

The dynamics of the T-cell clone responding to the infections follows equation [1] but now the
proliferation and death rates of Teffs and Tregs are described as functions of the viral density (i.e.,
(1), my(I), 5;(I) and &, (1)). Briefly, these functions were chosen either to be constant (EBV), to
reduce T-cell proliferation rate (HHV6) or to increase T-cell apoptosis in the case (HSV1), as explained
below.
The functions f(I),;(I), my(I), 6;(I) and &,;:(I) are here chosen to describe biologically plausible
impacts of HHV6, HSV1, and EBV on the dynamics of the responding T-cell clone and its cAPC. With
respect to HHV6, this virus preferentially infects CD4+ T cells reducing their proliferation rate (24,25).
Then, (1) = n,(1 — 1), n;(I) = (1 —1),5;() = 6, and6;(I) = &,, where 7., m,, 6., and &, are
the parameters associated with the basic formulation of the cross-regulation model. HSV1 also infects
CD4+ T cells but instead increasing their death rate (26). As a consequence, 8, (1) = 8./(1 —I),
6;,(1)=6,/(1—-1),m;(I) = m, and m,:(I) = m,. Finally, EBV is assumed to only the proliferation of
B cells, which can also be considered as highly specific cAPC (29). In this case, m;(I) = 7,
0s(1) = 8, m;(I) = my and 6;(1) = 6,.

3 MODEL PARAMETRIZATION

To discuss the putative role of Tregs on ME/CFS, the density of cAPC associated with a given T-cell
clone is considered as a fixed parameter in the basic Cross-regulation model, which can be varied to
perform a steady-state analysis. Under the assumption of a typical infection, the growth rate of the
virus was assigned a reference value of 1, as done elsewhere (2,3).

With respect to the parameters governing CD4+ T-cell dynamics, the proliferation rate of Teffs was
considered half of the one of the respective cAPC. Since it has been observed that about 10% of Teffs
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can be converted into Tregs upon antigen stimulation (4), the proliferation rate of Tregs is assumed to
be increased in the same amount in relation to the one of Teffs. The corresponding death rates were set
at 0.2, as done elsewhere (3). This value accounts for 40% and 36% of the proliferation rate of Tregs,
respectively. These percentages are in line with the relative death rates of CD4+T cells estimated from
in vitro stimulation experiments (5,6).

As mentioned above, the possible values for the viral capacity at chronicity is assumed to be normalized
from O to 1. In this scenario, this limit can be interpreted as the proportion of a hypothetical maximum
viral density that any given host could sustain. In the case of the remaining parameters related to APC
dynamics, they were varied accordingly to obtain different steady states.

A summary of the model parameters and their values are presented in Table S1. Since model
parameterization is here specified as function of a reference value for the proliferation rate of cAPC,
the time scale of the model simulations should be seen as proportional to this value.

TABLE S1. Summary of model parameters and their reference values.

Cell type Parameter Interpretation Value
cAPC Ao Density prior to infection (0,00)
K Conjugation/deconjugation rate with T cells 1
s Number of conjugation sites per APC 2
0 Proportionality constant related to viral dynamics (-00,+00)

Ratio between removal “rate” of infected cAPC by Teffs and

a differentiation rate from monocytes to cAPC 0 (HHV6/HSVT) or (0,+0) (EBV)
Teffs Te Proliferation rate 0.5

Se Death rate 0.20

Eo Initial density 0.90
Tregs I Proliferation rate 0.55

S Death rate 0.20

Ro Initial density 0.10
Virus y Viral carrying capacity in the host [0,1]

W Time by which half of y is achieved 0.05

Sy Viral death rate by the action of activated Teffs 0.002
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4 SIMULATION OF CD4+ T-CELL REPERTOIRE FOR DIFFERENT GROUPS OF
INDIVIDUALS

A simulation of CD4+ T-cell repertoires was performed for 500 uninfected healthy controls, 500
chronically infected individuals who are neither autoimmune nor ME/CFS patients
(nAUTO/ME/CFS), 500 chronically infected patients suffering from a putative autoimmune disease,
500 chronically infected patients suffering from ME/CFS. The repertoire of each individual was
assumed to be composed of 100 independent CD4+ T-cell clones whose 97 clones do not recognize
none of HHV6, HSV1 and EBV infections. The dynamics of these clones was solved for the reference
values Table S1 using the basic cross-regulation model in absence of infection. The associated APC
density was randomly taken from the Gamma distribution shown in Figure 2B with the restriction that
94 and 3 clones would have an associated cAPC density below and above the regulation threshold,
respectively. The remaining 3 clones were assumed to recognize each virus specifically upon infection.
For uninfected healthy individuals, the dynamics of these clones were randomly selected from one of
the four ones shown in Figures 3, 4 and 5 in absence of infection. For the remaining individuals who
are all assumed to be chronically infected by HHV6, HSV1 and EBV, it was simulated a random
combination of infection modes shown in Figure 3, 4 and 5 in presence of different viral infections. A
list of these combinations and the respective immunological phenotype can be found in Table S2. A
statistical summary of the simulated repertoires in each group is provided in Table S3.

Table S2. Autoreactivity index and the respective clinical phenotype for each of 64 possible
combinations of immune responses to HHV6, HSV1 and EBV infections in the same individual
where nAuto/MECEFS represents a phenotype that is neither the one of a patient with an autoimmune
disease nor the one of a patient with ME/CFS.

HHV6 HSV1 EBV Autoreactivity index Phenotype
Clonal extinction Clonal extinction Clonal extinction 0 nAuto/ME/CFS
Teff response 0.5 nAuto/nMECFS
Autoimmunity 1 nAuto/nMECFS
Regulation 1 nAuto/nMECFS
Teff response Clonal extinction 0.5 nAuto/nMECFS
Teff response 1 nAuto/nMECFS
Autoimmunity 1.5 nAuto/nMECFS
Regulation 1.5 nAuto/nMECFS
Autoimmunity Clonal extinction 1 nAuto/nMECFS
Teff response 1.5 nAuto/nMECFS
Autoimmunity 2 Autoimmune disease
Regulation 2 MECFS
Regulation Clonal extinction 1 nAuto/nMECFS
Teff response 1.5 nAuto/nMECFS
Autoimmunity 2 ME/CFS
Regulation 2 ME/CFS
Teff response Clonal extinction Clonal extinction 0.5 nAuto/nMECFS
Teff response 1 nAuto/nMECFS
Autoimmunity 1.5 nAuto/nMECFS
Regulation 1.5 nAuto/nMECFS
Teff response Clonal extinction 1 nAuto/nMECFS
Teff response 1.5 nAuto/nMECFS
Autoimmunity 2 Autoimmune disease
Regulation 2 ME/CFS
Autoimmunity Clonal extinction 1.5 nAuto/nMECFS
Teff response 2 Autoimmune disease
Autoimmunity 2.5 Autoimmune disease
Regulation 2.5 Autoimmune disease
Regulation Clonal extinction 1.5 nAuto/nMECFS
Teff response 2 ME/CFS
Autoimmunity 2.5 Autoimmune disease
Regulation 2.5 ME/CFS
Autoimmunity Clonal extinction Clonal extinction 1 nAuto/nMECFS
Teff response 1.5 nAuto/nMECFS
Autoimmunity 2 Autoimmune disease
Regulation 2 ME/CFS
Teff response Clonal extinction 1.5 nAuto/nMECFS
Teff response 2 Autoimmune disease
Autoimmunity 2.5 Autoimmune disease



Regulation 2.5 Autoimmune disease
Autoimmunity Clonal extinction 2 Autoimmune disease
Teff response 2.5 Autoimmune disease
Autoimmunity 3 Autoimmune disease
Regulation 3 Autoimmune disease
Regulation Clonal extinction 2 ME/CFS
Teff response 2.5 Autoimmune disease
Autoimmunity 3 Autoimmune disease
Regulation 3 ME/CFS
Regulation Clonal extinction Clonal extinction 1 nAuto/nMECFS
Teff response 1.5 nAuto/nMECFS
Autoimmunity 2 ME/CFS
Regulation 2 ME/CFS
Teff response Clonal extinction 1.5 nAuto/nMECFS
Teff response 2 ME/CFS
Autoimmunity 2.5 Autoimmune disease
Regulation 2.5 ME/CFS
Autoimmunity Clonal extinction 2 ME/CFS
Teff response 2.5 Autoimmune disease
Autoimmunity 3 Autoimmune disease
Regulation 3 ME/CFS
Regulation Clonal extinction 2 ME/CFS
Teff response 2.5 ME/CFS
Autoimmunity 3 ME/CFS
Regulation 3 ME/CFS

TABLE S3. Summary statistics of the density and percentage of Tregs and activated CD4+ T cells
from simulated repertoire of 100 independent clones from 500 uninfected individuals (Uninfected),
500 infected individuals who are neither autoimmune or ME/CFS patients (nAuto/ME/CES), 500
infected patients with a putative autoimmune disease (Autoimmune) and 500 infected patients with
ME/CFS (ME/CES).

Analysis Group Mean (range)
Density of Tregs Uninfected 39.6 (18.7-68.8)
nAuto/ME/CFS 39.8 (19.5-73.8)
Autoimmune 39.8 (19.1-67.5)
ME/CFS 43.2 (24.4-74.1)
Percentage of Tregs Uninfected 3.5(1.6-6.2)
nAuto/ME/CFS 3.5(1.8-6.3)
Autoimmune 3.4 (1.6-5.7)
ME/CFS 3.7(2.1-6.2)
Density of activated cells Uninfected 456.0 (409.8-498.4)
nAuto/ME/CFS 457.5 (419.8-496.8)
Autoimmune 465.3 (416.7-502.6)
ME/CFS 462.7 (419.7-499.7)
Percentage of activated cells Uninfected 39.9 (39.8-40.0)
nAuto/ME/CFS 40.0 (39.8-40.3)
Autoimmune 40.2 (40.0-40.5)
ME/CFS 40.1 (39.9-40.3)

5 COMPUTATIONAL IMPLEMENTATION

The numeric solutions of the basic cross-regulation model and its infection dynamics extension was
performed using the package deSolve for the R software. The model was solved using the “vode”
method, which uses a variable step. A sufficiently long simulation (e.g., t=25,000) was used to
determine the steady states of a given clone in absence of infection. The respective scripts are freely
available from the corresponding author upon request.
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