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S1 Equations and compartmental scheme of the reference model

Hereafter we report the Ordinary Differential Equations for the reference model of acute immune response
[1] on which the present work builds, with each contributing term shortly defined on the right side.
Additional information on biological support for the specific functional form of each can be found in the
original paper [1]. A graphical summary of these dynamics for cellular populations are represented in
Figure S1.

D RESTING MACROPHAGES Mp
+S7rm Background recruitment
+oua(Ma + waMy) Macrophage recruitment
+Sr 4b$ TNF-a recruitment
_kQMR% - . Infection (to Mj)

+wBI+[fFy : :
—ksMRrEETuBT T, o Jan oy e Activation (to Ma)
—vpMRMR Natural death
s INFECTED MACROPHAGES M;
+hkaoMp Bgfcg Infection (from MEg)
2 .
—k1r M1 gt Bursting
Toc+w3Thy
—k14aMI#ITI+C4 T cell induced apoptosis
M
—k14bM1m TNF-« induced apoptosis
Tc 7Th1ﬁlcﬂ twi1Thy
—kgoMp—F5 1 Cytotoxic killing by T cells
2 Tth-}*L—tlcT1 +w1Thy Y xic Kmg by
My+esa
—vp My Natural death
dM 4

dt

BE+wBI+3F,

Iy

ks MR BE BT+ AF, tos TR %o

_ I0
kaMa Ii0+ss

—vpraMa

ACTIVATED MACROPHAGES M4
Activation (from Mpg)

Deactivation
Natural death



dTy
dt

dTh
dt

dTha
dt

dTso
dt

dTc

dt

dTs

dt

+aia(Ma + waMy)

R TN e premyvrs
+a2To MA-‘:‘Cls

—ke 2 To T 7 T oo
~krTor s

—vroTp

+aza(Ma + wo M)
+ST3p Fy +f8FI‘T0+S4b1
R Y ey rew ey rreeen
_VTg%TthA
—vr1Th

+013a2(MA + ’lUQM[)
FOL
+573p2 Fo+fslio+sap1
4
+kTo I+ foly+s2
—vr2Tho

+aiq(Ma + wo M)

Fo
+571p Fo+fslio+sap2

A
tazTso Ma+cis

_ -y
ke I12T80 Iy+f1la+frli0+s1
—vroTyo

+mazae(Ma + wa M)
Fo
+mST 30 Fo+fslio+s4p1

D
+mkgl12Tso Ly+fila+frlio+s1

—UTCyT +o, ':Cc ToMa
—vrcTe

+moz3ac(MA + szI)
F(X
+MSTpe Fo+fslio+sap1

- vy
+mkel12Ts0 I+ f1la+frli0+s1

I"r’
—VrCy ng MA
—vrols

INDIFFERENTIATED CD4 T CELLS Tj
Macrophage recruitment

TNF-« recruitment

Proliferation

Differentiation (to Th1)

Differentiation (to Th2)

Natural death

T-HELPER TYPE 1 CD4+ CELLS Ty,
Macrophage recruitment

TNF-a recruitment

Differentiation (from Tp)

IFN-v apoptosis

Natural death

T-HELPER TYPE 2 CD4+4+ CELLS Ty,
Macrophage recruitment

TNF-« recruitment

Differentiation (from Tp)

Natural death

INDIFFERENTIATED CD8 T CELLS Ty
Macrophage recruitment

TNF-« recruitment

Proliferation

Differentiation (to T and Tg)

Natural death

CD8+ T CELLS WITH CYTOTOXIC FUNCTION T¢
Macrophage recruitment
TNF-a recruitment

Differentiation (from Tgq)
IFN-v apoptosis
Natural death

CD8+ T CELLS Ty
Macrophages recruitment
TNF-a recruitment

Differentiation (from Tgq)
IFN-v apoptosis
Natural death



dBE
dt

aBI
dt

+aogBE

BI?
+k17NMI BIQ—&-NZM}Z
To+wsThy

M
+k14aNmech1W,ng

Mi+cy

+k14bNmecaMlm

N BE
—k2 2 Mg BE+cy

—kisMsBE — k1sMpBE
—TLEBE

2
+019BI(1 — gt gy )

N BE
+k27MR BE+CQ2
BI
_k17NMI BI2+N2MI2
Tetw3Thy
™M
—k14a NMj rvwiry

M1+I;4
R NMi 7 p e
T Ty ey 1Tk
—keoNM;—— M1
o2 Ir Thi by Ty,

C Thytery
My +es2

—TLIBI

EXTRACELLULAR BACTERIA BE
Bacterial replication

Bursting of M; (from BI)

T cell induced apoptosis of M; (from BI)

TNF-« induced apoptosis of M; (from BI)
Internalization by Mg (to BI)

Killing by macrophages

Natural death

INTRACELLULAR BACTERIA BI
Bacterial replication

Internalization by Mg (from BE)
Bursting of M; (to BE)

T cell induced apoptosis of M; (partially to BE)
TNF-« induced apoptosis of M; (partially to BE)

Cytotoxic killing of M; by T cells

Natural death



& INTERFERON-y I,
+384 Bgf;glﬁlcw Ilgfﬁ Dendritic cells production
tasaThi 37, fern Th1 production
+orTo 17 fo T Ty producti(?n
RIS ) vy 7y ey Tso production
+a5ng#fCSb Ts production
+as My M7 production
—viy 1, Natural decay

e INTERLEUKIN-12 I},
+512 %}% . Dendritic cel'ls production
+aMRrpE B e Mp, production
+osMa 75 M 4 production
—vnzli2 Natural decay

i INTERLEUKIN-10 I,
+57M1m M7 production
+ai6Th1 Ty1 production
+a17Tho Ty production
+a1g% CD8+ T cells production
—vriolio Natural decay

4y INTERLEUKIN-4 I,
+a11Tp Ty production
+a12Tha T, production
—vraly Natural decay

dfl;a TUMOR NECROSIS FACTOR-«a F,
+ago M7 M; production

L,+B2(BE+wBI)

+azi Ma T, +B2(BE+wBI)+ filits10

M 4 production

+agaTh Ty,1 production
+ogg TG CD8+ T cells production
—vVraFa Natural decay

S2 Derivation of Equations for the Immune Memory Generation
and Maintenance

For the dynamics of the circulating memory T cells compartment (T¢M), we refer to a well established
mathematical model of memory generation [2]. This model assumes that an initial amount of memory T
cells is generated at the site of primary infection during the contraction phase of the immune response.
This amount is slowly diluted during the lifetime of the individual as a consequence of several factors,
including the reduction of thymic input of naive T cells and the competition of memory T cells specific
for different antigens within the immune memory pool [2]. These dynamics are very complex (reviewed
in [3, 4, 5]) and their modeling goes beyond the scope of this work. Therefore we assume the following
equation for TC¢M:

TEM (1) = kTP et (1)



where i = hl,C distinguishes CD4+ from CD8+ T cells, TP°?* is the peak number of effector T
cells during the acute phase of primary infection, k; is the fraction of effector T cells which are initially
transformed to circulating memory T cell and d is the rate at which the pool of circulating memory T
cells wanes in time due to dilution, assumed constant and equal for both CD4+ and CD8+ T cells.

Dynamics of resident memory T cells can be modeled in terms of a balance between the natural death
of T cells and the antigen-independent recruitment of T cells from the circulating memory compartment

[6]:

de’RM RM -C M RM RM
Tzsri T () — T ()

Given that changes in the value of T.°Y (t) occur in the time scale of years or decades, whereas the
dynamics of recruitment and death of T/*™ are in the time scale of days [6], we can approximate T.C M (t)
as constant in time. Therefore, at equilibrium we will have:

RM STzRM CcM RM C M
Ti = ,URMTi (t):hi Ti (t) (2)

In other words, the amount of resident memory T cells at any time is approximated as a proportion
hEM of the concentration of circulating memory T cells and therefore this number wanes in time with
the same rate d as the circulating memory compartment.

S3 Estimation of Parameter Values and Ranges

Most of the model parameters used throughout this work were estimated in previous published papers
[7, 8,9, 1] and are reported in Table S3.

In order to estimate the 8 parameter values and ranges for the additional equations reported in the
previous section, human data from published studies on TB-specific memory lymphocytes are used where
possible.

Estimation of k;

Using Equation 1, k; can be estimated for ¢t = ¢; as

k' _ TiCM(tl)
v Tpeak,

Experimental studies [16] found about 20 (range: 5 to 250) central memory CD4+ T cells every
10¢ Peripheral Blood Mononuclear Cells (PBMC) in the blood of TB patients 6 months after successful
treatment. In another study [17] about 300 (range: 200 to 700) central memory CD8+ T cells every 10°
PBMC were detected in the blood of TB patients 4 months after treatment. We indicate these quantities
as f¥M and f&'M respectively. Assuming that the peak of the acute phase of the immune response had
been reached by the time at which fic M wwere measured, we can obtain the concentration TZCM (t1) of
memory T cells in the blood by simple multiplication of flC M by the normal lymphocyte concentration in
the blood [18], indicated with [PBMC]. Range and average values for T7 ok were estimated by simulating
a primary infection with 1,000 different parameter sets, chosen by Latin Hypercube Sampling [19] using
uniform distributions within their range of variability.

Table S2 summarizes the process of estimation for k;.



Estimation of hpr,y;

hEM can be estimated from Equation 2 given measurements on resident memory T cells and estimates
of circulating memory T cells (as already provided in Table S2) at ¢ = ¢;. In an experimental study
on individuals with LTBI (ascertained by reactivity to Tuberculin Skin Test) [20], about 750,000 CD4+
and 350,000 CD8+ were found on average in the broncho-alveolar lavage (BAL) fluid of patients (volume
Vear = 30cc); 7.4 to 14% of CD4+ (55,000 to 105,000) and about 0.8% of CD8+ (3,000) expressed
an effector memory phenotype (production of IFN-y and other inflammatory cytokines) after 2 days
from a new intranasal challenge with Protein Purified Derivative (PPD) proteins. Therefore, these cells
can be considered resident memory T cells: we term the corresponding quantities tf5M (¢) and tEM (¢;)
respectively. Since the site of infection considered in our model is a cube of alveolar parenchima of size
Viite = 2x2x2mm = 8- 1073 cc, we can estimate the number TiRM (t1) of initial resident memory T cells
at the site of a secondary infection as:

V:%'te

T M (tr) = 7™M (1)
VBar

RM
and hI*M as ;CT&; These passages are summarized in Table S3.

Estimation of oM

The products oziCM TiCM represent the macrophage-dependent recruitment rate of circulating memory T

cells, in analogy to parameters as, and asgq. in the terms describing the macrophage-dependent recruit-
ment of effector T cells in the reference model [1]. We assume that the recruitment of memory T cells
from the circulating compartment can be  times that of the macrophage-dependent term, with x broadly
chosen between 0.1 and 100. Table S4 reports a summary of the estimation process for the ranges of
these parameters.

Estimation of w and d

w is the rate of the exponential decay of CD4+ T cell recruitment occurring due to immunosenescence,
while d is the rate at which memory T cells decay due to mechanisms of immune memory dilution [2].
Since we could not find any data to estimate these parameters, we choose a broad range of possible values
in order to include all possible ranges of behavior. Values for both rates were chosen between 0.01 and
0.1 years—!, in such a way that a host may lose 50% of his initial capacity (pool of circulating memory T
cells for d, and CD4+ T cells recruitment rates for w) in about 7 to 70 years. These numbers take as an
approximate reference the time to equilibrium of a primary TB infection (up to 5 years) and the maximal
lifetime of an individual (about 100 years). We choose for both rates a baseline value of 0.05 years™!.
This corresponds to a half-life of about 15 years, which is a good reference for both d (corresponding
to the estimated duration of memory protection from Bacillus Calmette Guerin (BCG) vaccination [21])
and w (age at which, according to [22], the risk of primary active disease is intermediate between children
of age < 10 years and adults > 20 years).

S4 Endogenous reactivation

The immune response model with aging is able to reproduce endogenous reactivation in a broad region of
the parameter space. Figure S2 displays the final outcome of infection for several different values of three
model parameters: the rate of cytotoxic killing by activated CD8+ T cells, k52, which selects the panel in
Figure S2; the initial value of the TNF-a dependent recruitment rate of CD4+ cells, SrJ, (x-axis); and
the aging parameter w (y-axis). These parameters were selected because of their importance on model



outcome after a preliminary sensitivity analysis [1]. The outcome can be one of four possible types: a)
active disease, displayed in dark red; b) LTBI followed by endogenous reactivation at some point of the
host’s life (orange); ¢) LTBI without reactivation (yellow); d) clearance of primary infection (turquoise).
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Figure S1: Graphical summary of the main interactions of the immune response to Mtb.
Each arrow represents a change of state for each cellular population; text alongside arrows describes the
terms contributing to each change of state; variables listed in parentheses after each term description

represent cells and cytokines enhancing (green), or inhibiting (red) the given mechanism.



Table S1: Parameter ranges and baseline values for model parameters.

Parameter name

Mg recruitment rate
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Contribution of M; to Mg recruitment

Ratio adjustment I1o/F, on Mg recruitment
Half saturation of F,, onr Mg recruitment
Half saturation of I, on Ty recruitment

Half saturation of I1y on M4 deactivation
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Scaling factor of F,, for My activation

Mg death rate

Carrying capacity of My

Half saturation of T}, /M ratio on M apoptosis
Cytotoxic killing of M
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M7 death rate
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Max growth rate of T

Max T to T} rate

Max T to T} rate

Half saturation I,

Percentage overlap between T and Tg

F,, dependent recruitment of Ty

F,, dependent recruitment of Tjo

Half saturation I, on Tj; apoptosis

T2 death rate

F,, dependent recruitment of T and Ty

Half saturation I, on Ty and Ty apoptosis

I, production by dendritic cells (DCs)

Half saturation of 112 on I, production by DCs
Half saturation of M4 on I, production by T},
I, production by My

I, production by Tg

Half saturation of I on I,

1, decay rate

Half saturation of Mtb on I15 production by Mg
Dendritic cell production of I

112 decay rate

I12 production by M4

Adjustment I, on I1q

I¢ production by T

Io production by T and Ty

I, decay rate

14 production by Ths

F,, production by M;

Scaling factor of Mtb for F,, production by M 4
F,, production by T}

Half saturation of Mtb on F,, production by T}
BI growth rate

Fraction BI released by T cell apoptosis of M;
BE Kkilling by My

BI death rate

Macrophage recruitment of Mg

Max contribution of T, to M apoptosis

F,, dependent recruitment of Mg

Ratio adjustment F,/Io

Symbol
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Is
S4b
S4b2
S8
Cg
fi
p
VMR
N
Cq
k5o
C52
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Min
600
0.01

0.0005
1
100
100
100
10°
2.9
100
0.0033
40
1
0.07
10
0.0011

0.001
0.01

0.005
0.02

0.5
104
1000
1067
0.3
10%
530

5000
0.02
0.02
50
2.16
1000
200
1.1
0.0012
0.025

2.1074
2.107%

3.7
0.001
0.0012

Base
650
0.1
0.05
60
200
200
1000
5-106
205
1000
0.0033
75
40
0.2
20
0.0011
0.003
2
0.005
0.03
1.5
0.7
5-10%
10°
1120
0.3
5-10%
550
500
60
8000
0.05
0.05
75
20

10

Max
700
0.5
0.5
100
556
500
2000
3-107
410
10°
0.0033
100
60
1
100
0.0011
0.01
2.8
0.005
0.07
2
1
10°
10°
1173
0.3
8- 10%
600
1000
100
20000
0.066
0.066
100
33.27
5109
1000
1.1
0.012
0.053
1073
61072
7.23
0.00912
0.02
1073
5-1073
10000
1
0.2

1.25-107°

5-1073
0.05
0.8
5-10°
100

Unit
Mp/day

pg/ml
pg/ml
pg/ml
pg/ml
1/pg
1/day

1/day

1/day
1/day
1/day
ml/(pg da
ml/(pg da
pg/ml

1/day
1/day
pg/ml
1/day
1/day
pg/ml
pg/(ml da
pg/ml
1/ml
pg/ml
pg/ml
pg/ml
1/day
1/ml
pg/(ml da
1/day
pg/day

pg/day
pg/day
1/day
pg/day
pg/(ml da
1/pg
pg/(ml da

1/day
ml/day
1/day
1/day

1/day



Parameter name

Half saturation of F,, dependent T}; recruitment
M 4 deactivation by I1g

Mg infection rate

My activation rate

Half saturation of I, dependent Mg activation
Half saturation of BE and BI on Mg activation
Max rate of M bursting

T cell induced apoptosis of M;

F,, induced apoptosis of My

Max contribution of T}, to cytotoxic killing
Half saturation of Tj; on cytotoxic killing

M 4 death rate

Fjalpha dependent Tp recruitment

Half saturation of M4 on I, production by T},
Effect of 119 on I, induced differentiation of Ty to Tj;
Adjustment I, /14

Ty death rate

Macrophage recruitment of Tjy

Macrophage recruitment of Tjo

I, induced apoptosis of Tj;

T}1 death rate

Macrophage recruitment of T and Ty

1, induced apoptosis of T, and Ty

Tc death rate

Half saturation of Mtb on I, production by DCs
I, production by T

I, production by Ty

Half saturation of M4 on I, production by 7%
Adjustment of Ig/I12 on I,

Half saturation of M4 on I, production by 7%
115 production by Mg

115 production by M4

Half saturation of Mtb on I15 production by DCs
I effect on I15 production by M4

Half saturation of Iy self-inhibition in M4

Io production by M4

1o production by Tjo

14 production by Ty

1, decay rate

F,, production by M4

Half saturation of I, on F,, production by M4
F,, production by Tg

F, decay rate

BE growth rate

Fraction BI released by TNF apoptosis of M
BE Xkilling by Mg

Symbol
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f2
vTo
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50
6.4-107°
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0.36
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10°
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0.003
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0.002
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0.05
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5
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0.08
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1.00
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0.07
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10°
5.00
1
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10°
1
1
10°
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0.01
10°
100
60
0.1
6-1073
0.004
2.77
0.015
100
1.1-107*
1.112
0.05
0.8
7-108

Unit
pg/ml
1/day
1/day
1/day
pg/ml
1/ml
1/day
1/day
1/day
1/day
1/day

1/day
1/day
1/day
1/day
1/day
1/day
1/day
1/day
1/ml
pg/day

pg/day
1/ml

1/ml
pg/ml
pg/day

1/ml
pg/ml
pg/ml
pg/ml
pg/day
pg/day
1/day

pg/(ml d
pg/ml

pg/(ml d
1/day

ml/day



Table S2: Estimation of the immunogenic potentials, k;.

Parameter name Symbol Reference Min Max
Proportion of T5M cells in blood oM [16] 5 250
Proportion of T§™ in blood [17] fEM 200 700
Lymphocyte concentration in blood [PBMC] (18] 1.5-10 5-10°
Concentration of T5™ in blood TEM(t)  f5M - [PBMC] 7.5 1250
Concentration of TS in blood TEM (t)  fEM - [PBMC] 300 3500
Number of peak T},; cells T,ff“k [1] 30 20000
Number of peak T¢ cells Tgeak [1] 30 15000
. . oM T2M(ty)
Immunogenic potential for 7}7 kn1 e 0.0625 0.25
, : oM & (1)
Immunogenic potential for T ko et 0.23 10
(e}

Table S3: Estimation of the turnover rates of resident memory T cells,

Parameter name Symbol
Volume of BAL VBarL
Volume of site of infection Viite

Initial number of T.EM in BAL thM (1))
Initial number of THM in BAL tEM (1)

Initial number of T;EM TEM (1)
Initial number of TFM TEM (ty)
Concentration of initial TS TEM (ty)
Concentration of initial 7™ TEM (1)
Turnover rate of memory CD4+ hitM
Turnover rate of memory CD8+ hE&M

Mean

20
300

3-10°

60
900
600
600

0.1
1.5

RM
hi

Reference Min Max Mean
20] - - 30
1] - - 8103
[20] 55,000 105,000 80,000
20] 3000 3000 3000
M () eite 15 28 21
tEM (t1) gt 1 1 1
Table S2 7.5 1250 60
Table S2 300 3500 900
Lot 1ao4102 2 0.35
Tm (@)
%MEQ; 2.910-4 3.310-3 1.1 10-3
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Unit
cells
10PBMC

cells
(g
Pphfire
ml
cells

cells

ml
cells

cells

mil~?

mi~1

Unit
cc

cc
cells
cells
cells

cells
cells

(,’glli S

ml

ml

ml

Table S4: Estimation of the antigen dependent recruitment rates of circulating memory T

cells upon secondary infection, oziCM .
Parameter name Symbol
Arbitrary proportional constant K
Initial concentration of TG TEM (t)
Initial concentration of 75 TEM ()
Rate of T} recruitment by macrophages a3,
Rate of T recruitment by macrophages 3gc
TSM recruitment rate agM

cM cM
Ts ac

Reference

Table S2
Table S2

[1]
[1]

X3q
K
Ty (1)
X3ac
K
TCCIW (t1)

Min Max
0.1 100
7.5 1250
300 3500

0.003 0.003

0.003 0.003

24-1077  0.04
8.6-107% 1073

Mean Unit
1
60 cells
900 %ég
cells/Mph
0.003 %
0.003 “l/‘dT:
-5 m
5-10 dayp
-6 ml/Mph
3.3-10 %
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Figure S2: Parameter regions for reactivation. All simulations are performed assuming an initial
inoculum of N = 25 bacteria, the age at first infection ¢; = 0 for simplicity, and all other model parameters
as in Table S3 of this text.



