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1. Complete model description

1.1. Model presentation

The model presented here is a simplified version of a model that we published previously [1]. Changes are
highlighted in italics in the following description, which includes all equations and details our modelling assumptions.

The model aims at simulating the infection and immune dynamics induced by PRRSv in the lung. We chose a
deterministic continuous-time dynamic framework. Our model is hence a set of 14 ordinary differential equations,
which represent the evolution over time of the state variables: the free viral particles (V); the susceptible (MS ), phago-
cyting (MP) and infected (MI) macrophages; the natural killers (NK); the cellular (Rc), humoral (Rh) and regulatory
(Rr) adaptive effectors; the pro-inflammatory (Pi, grouping IL1β, IL6 and IL8), innate antiviral (Ai, grouping IFNα and
TNFα) and immuno-regulatory cytokines (IL12, adaptive anti-viral: IFNγ, immuno-modulatory: IL10 & TGFβ). The
main processes that drive their evolution over time and that are integrated in the model are: the phagocytosis of the
viral particles by the macrophages; the macrophage infection by the virus; the excretion of free viral particles by the
infected macrophages; the recruitment and decay/migration of the macrophages; the activation and decay/migration
of the other effectors; the cytokine productions by the immune cells and their decay; the cytokine regulations.

The functional diagram of the system appears in Figure 1 (main text). Figure A1 gives a schematic representation
of the model (without regulations). The cytokine regulations and syntheses represented in our model, as well as the
related literature references are summarised in Table A1 and Table A2 respectively. The parameter descriptions and
values are synthesised in Table A4.

We first present how the cytokine regulations are formalised in the model and then describe the dynamics of
the various state variables: macrophages, free viral particles, natural killers, effectors of the adaptive response and
cytokines. Finally, we present the model calibration: the method, based on the literature data exhibiting a strong
variability (illustrated for the viral titer in Table A3), the parameter values in Table A4 and the comparison of model
outputs between the previous and the present models in Figure A2.

https://doi.org/10.1093/imammb/dqy005
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Figure A1. Scheme of the model: state variables and flows (without regulations). The state variables consist of: the free viral particles
(V); the susceptible (MS ), phagocyting (MP) and infected (MI ) macrophages; the natural killers (NK); the cellular (Rc), humoral (Rh) and
regulatory (Rr) adaptive effectors; the pro-inflammatory cytokines (Pi), the innate antiviral cytokines (Ai) and the immuno-regulatory
cytokines (IL12, IFNγ, IL10 & TGFβ). The flows represented are: the viral exposure E(t); the recruitment of susceptible macrophages (Am);
the activation of natural killers (αR) and cells of the adaptive response (αR); the decay of the free viral particles (µV ), the macrophages
(µM*), the natural killers (µN ), the adaptive cells (µR) and the cytokines (µC); the macrophage state changes, i.e. phagocytosis (η and γ) and
the infection (β); the excretion of free viral particles by infected macrophages (e) and the cytokine syntheses by activated immune cells (ρ*).
For the sake of readability, the cytokine and cell regulations and not drawn and some parameter notations (marked with ∗) are simplified.

1.2. Cytokine regulations

The processes driving the state variable dynamics are regulated by a complex cytokine feedback system (presented
in Figure 1, main text). Some cytokines have opposite effects: for example, the antiviral cytokines up-regulate the
phagocytosis and down-regulate the viral infection, whereas IL10 inhibits the phagocytosis and promotes the infection.
Cytokines regulate the cellular functions through their recognition by specific receptors, inducing cascaded reactions
within the cells. The higher the cytokine concentration, the stronger the effect. However, there is a limited number of
cytokine receptors on the cell surface, so the effect saturates above a given cytokine concentration.

We formalised the cytokine regulations (up κ+ and down κ−) based on the Michaelis–Menten function of the
cytokine concentration (Ci ) [2, 3, 4] as follows:

κ+(Ci) =
vm Ci

km +Ci
, κ−(Ci) =

km

km +Ci
,

where vm denotes the saturation factor and km the half saturation constant.
Compared to [1], the down-regulation function κ− is simplified.

A cytokine can have three possible effects on a given basic rate (r):

• activation: r κ+(Ci), the basic rate increases with the cytokine concentration from 0 to r vm;
• amplification: r [1 + κ+(Ci)], the basic rate increases with the cytokine concentration from r to r (1 + vm) ;
• inhibition: r κ−(Ci), the basic rate decreases and tends to zero.

Regulations often involve several cytokines (Ci and C j) which can act

• either independently: κ±(Ci +C j);
• or in synergy:
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◦ κ+(Ci C j) =
vm Ci C j

k2
m+Ci C j

for an activation or an amplification,

◦ κ−(Ci C j) =
k2

m

k2
m+Ci C j

for an inhibition.

Compared to [1], effects involving multiple cytokines are simplified.

As very few studies estimate the regulation parameters (km and vm) in the literature [4], we used the same parameter
values for all cytokine regulations.

1.3. Macrophage dynamics

Macrophages phagocyte and destroy the virus, but they are also target cells for the virus. Activated macrophages
(either phagocyting or infected) present the viral antigen and activate the adaptive response. The macrophage acti-
vation also induces the synthesis of innate cytokines: pro-inflammatory (IL1β, IL6, IL8), antiviral (IFNα,TNFα) and
immuno-regulatory (IL12, IL10) cytokines [5].

In the model, macrophages can be susceptible MS , phagocyting MP, or infected and excreting the virus MI . We
represented the evolution over time of the macrophage concentrations for these three states.
Compared to [1], we grouped the latent and excreting macrophage states into a single infected state.

Decay. All macrophage states are submitted to natural death or/and migration (rate µnat
M ), as well as apoptosis induced

by TNFα (rate µap
M) [6]. The natural death rate is considered higher for infected macrophages than for susceptible and

phagocyting macrophages (multiplicative factor δµ). Moreover, infected macrophages can be cytolysed by natural
killers (rate µinn

M ) and cells from the cellular response (rate µad
M).

Recruitment. Susceptible macrophages are recruited from the bloodstream (rate Am). Cytokines IL6 and IL12 co-
amplify the macrophage recruitment in synergy [7, 8, 9]. IL8 attracts the macrophages to the infection place [9].
Compared to [1], we grouped the pro-inflammatory cytokines IL1β, IL6 and IL8 and hence simplified their action on
the macrophage recruitment.

In the absence of virus, the cytokine concentrations are supposed to be negligible and the resulting concentration
of susceptible macrophages in the lung is constant: MS = M0

S =
Am
µnat

M
.

Phagocytosis and infection. When susceptible macrophages encounter free viral particles (V), they can either phago-
cyte the virus (rate η) or become infected (rate β). We assume that phagocyting macrophages revert to the susceptible
state after viral destruction (rate γ), whereas infected macrophages remain infected (i.e. they cannot eliminate the
virus). We also assume that the infected and phagocyting states are exclusive and that once phagocyting or infected,
macrophages cannot phagocyte or be infected by other viral particles [10].

The phagocytosis is amplified by the antiviral cytokines (Ai and IFNγ) and inhibited by the immuno-modulatory
cytokines (IL10,TGFβ). The phagocytosis ending is amplified by the antiviral cytokines and inhibited by IL10. The
macrophage infection is amplified by IL10 and inhibited by innate antiviral cytokines (Ai) and TGFβ.

Susceptible macrophages:

ṀS = Am [1 + κ+(Pi IL12)] ←− recruitment
− η MS V κ−(IL10 + TGFβ) [1 + κ+(Ai + IFNγ)] ←− phagocytosis
+ γ MP κ

−(IL10) [1 + κ+(Ai + IFNγ)] ←− phagocytosis ending
− β MS V κ−(Ai + TGFβ) [1 + κ+(IL10)] ←− infection

− MS

(
µnat

M + µ
inf
M κ

+(Ai)
)

←− decay
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Phagocyting macrophages:

ṀP = η MS V κ−(IL10 + TGFβ) [1 + κ+(Ai + IFNγ)] ←− phagocytosis
− γ MP κ

−(IL10) [1 + κ+(Ai + IFNγ)] ←− phagocytosis ending

− MP

(
µnat

M + µ
inf
M κ

+(Ai)
)

←− decay

Infected macrophages:

ṀI = β MS V κ−(Ai + TGFβ) [1 + κ+(IL10)] ←− infection

− MI

(
µnat

M δµ + µ
inf
M κ

+(Ai) + µinn
M NK + µadap

M Rc

)
←− decay & cytolysis

1.4. Viral dynamics

The virus enters the body through the mucosal surfaces of the respiratory tract and replicates in the pulmonary
macrophages.

We represented the evolution over time of the free viral particles (V). The inflow of these free viral particles is
given by the time-dependent exposure function (E(t)). When they encounter susceptible macrophages (MS ), they can
either be phagocyted by the macrophages (rate u η), resulting in viral destruction, or they can infect the macrophages
(rate u β), resulting in virus replication. Free viral particles are then released in the lung by infected macrophages.
The model represents the resultant of the replication within the cell and the release of free viral particles outside the
cell, called excretion (rate e). The viral replication is inhibited by antiviral cytokines. Free viral particles can be
neutralised by antibodies represented by the humoral response Rh (rate µad

V ). They are also submitted to natural death
and migration outside the lung (rate µnat

V ). .
Compared to [1], we considered that the phagocytosis or macrophage infection consume uTCID50 virus per macrophage.
As we set u = 1[TCID50/cell], this modification finally induced no change. Moreover, the cytokine regulations that
applied to the macrophage change of state between the infected latent and excreting states in [1], apply to the viral
excretion in this model.

V̇ = E(t) ←−exposure
− u η MS V κ−(IL10 + TGFβ) [1 + κ+(Ai + IFNγ)] ←− phagocytosis
− u β MS V κ−(Ai + TGFβ) [1 + κ+(IL10)] ←− infection
+ e MI κ

−(Ai + IFNγ) ←−excretion

− V
(
µnat

V + µ
adap
V Rh

)
←−decay & neutralisation

1.5. Natural killer dynamics

Natural killers are effectors of the innate response. Their main immune functions are the destruction of infected
cells and IFNγ synthesis [11, 5, 9, 12]. These cytotoxic cells are recruited on the infection site by pro-inflammatory cy-
tokines. Their proliferation and immune functions are activated by several cytokines (IFNγ, IL12, IL15, IL18, IL21, IFNαβ),
whereas IL10 inhibits the natural killer differentiation and their immune functions [11].

We represented the dynamics of activated natural killers (NK) and only included the regulations by the most
influential cytokines. Their recruitment from the bloodstream (rate αN) requires pro-inflammatory cytokines Pi and
IL12. Natural killers are then activated by IFNγ and IL12, whereas IL10 inhibits the activation. They are submitted to
natural death or/and migration (rate µR).
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Compared to [1], the effects of the pro-inflammatory cytokines on the natural killler recruitment are simplified, as for
the susceptible macrophages.

ṄK = αN κ
−(IL10) κ+(IL12 Pi) κ+(IL12 + IFNγ) ←− recruitment & activation

− µR NK ←− decay

1.6. Adaptive effector dynamics

The adaptive response activation begins with the naive CD+4 T cell differentiation by antigen presenting cells (den-
dritic cells or macrophages) within the lymphoid tissues. Depending on the cytokine profiles in the lymph nodes,
CD+4 T cells differentiate into one of three main CD+4 effector types, which have specific immune functions: type 1
T helpers (Th1, belonging to the cellular response), type 2 T helpers (Th2, belonging to the humoral response) and
regulatory T lymphocytes (Treg, belonging to the regulatory response) [13, 14, 15, 16, 17, 18, 19, 5, 20]. The differen-
tiation towards Th1 is induced by IL12 and amplified by IFNγ. The differentiation towards Th2 is induced by IL6 and
amplified by IL4. The differentiation towards Treg is induced by TGFβ and amplified by IL10. The cytokines responsi-
ble for the differentiation towards a CD+4 effector type simultaneously inhibit the differentiation towards the two other
types. After the differentiation step, the CD+4 effectors express their specific immune functions and proliferate. Th1
synthesise the IL2 and IFNγ cytokines. In addition, they are responsible for the differentiation of the CD+8 T cells in
cytotoxic lymphocytes (CTL). CTL synthesise IFNγ and TNFα and destroy the infected macrophages. Th2 synthesise
IL4 and IL10. In addition, they are the main activator of the B lymphocytes (through IL4 and IL10), which produce the
neutralising antibodies. Treg synthesise the TGFβ and IL10 immuno-modulatory cytokines. In summary:

• The cellular response: (i) includes Th1 and CTL; (ii) is activated by IL12 and IFNγ, inhibited by IL6, IL10 and
TGFβ; and (iii) is responsible for the synthesis of IL2, IFNγ and TNFα.
• The humoral response: (i) includes Th2, B lymphocytes and antibodies; (ii) is activated by IL6, IL4 and IL10,

inhibited by IL12, IFNγ and TGFβ; and (iii) is responsible for the synthesis of IL4 and IL10 and for the viral
particle neutralisation.
• The regulatory response: (i) only includes Treg; (ii) is activated by TGFβ and IL10, inhibited by IL6, IL12 and

IFNγ; and (iii) is responsible for the immune response inhibition through its synthesis of the TGFβ and IL10
immuno-modulatory cytokines.

In our model, we represented the adaptive response by three effectors corresponding to the three main orientations:
cellular (Rc), humoral (Rh) and regulatory (Rr) responses. As for the NK cells, we only represented the dynamics of the
activated effectors. Based on the model proposed by Yates et al. (2000) for the regulation of T helper cell populations
[20], we synthesised the dynamics of each adaptive effector by three steps: activation by activated macrophages (rate
αR), proliferation (rate pR) and decay. We represented the regulations of the activation and proliferation steps by
the most influential cytokines: IFNγ, IL12, IL10 and TGFβ. The decay includes the natural decay (rate µR) and the
Activation Induced Cell Death (AICD) induced by the interaction with a Th1 from the Rc compartment (rate δRc ) [20].

Cellular response. [17, 18, 19, 21, 22, 23, 24] Rc represents the type 1 T helper cells and the cytotoxic lymphocytes.
Activation is amplified by IFNγ and IL12 and inhibited by IL10. Proliferation is activated by IFNγ and IL12 and
inhibited by IL10 and TGFβ. Rc synthesises IFNγ and is responsible for the destruction of infected cells.

Ṙc = αR (Mp + MI) [1 + κ+(IFNγ + IL12)] κ−(IL10) ←− activation
+ pR Rc κ

+(IFNγ + IL12) κ−(IL10 + TGFβ) ←− proliferation

− µR Rc − δRc Rc
2 ←− decay

Humoral response. [25, 17, 18, 19] Rh represents the type 2 T helper cells, the B lymphocytes and the antibodies.
Activation is amplified by IL10 and inhibited by IFNγ and IL12. Proliferation is activated by IL10 and inhibited by
IFNγ, IL12 and TGFβ. Rh synthesises IL10 and is responsible for the neutralisation of free viral particles through
antibodies.
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Ṙh = αR (MP + MI) [1 + κ+(IL10)] κ−(IFNγ + IL12) ←− activation
+ pR Rh κ

+(IL10) κ−(IFNγ + IL12 + TGFβ) ←− proliferation
− µR Rh − δRc Rc Rh ←− decay

Regulatory response. [26, 17, 18, 19] Rr represents the represents the regulatory T cells. Activation is amplified by
IL10 and TGFβ and inhibited by IFNγ and IL12. Proliferation is activated by TGFβ and inhibited by IL10, IFNγ and
IL12. Rr synthesises IL10 and TGFβ.

Ṙr = αR (MP + MI) [1 + κ+(IL10 + TGFβ)] κ−(IFNγ + IL12) ←− activation
+ pR Rr κ

+(TGFβ) κ−(IFNγ + IL12 + IL10) ←− proliferation
− µR Rr − δRc Rc Rr ←− decay

1.7. Cytokine dynamics

Cytokines are small proteins that play a key role in cell-signalling. They are produced by activated immune cells
and affect the behaviour of other cells, sometimes the releasing cell itself. They act through specific membranous
receptors inducing cascaded reactions within the target cell. They have various functions. In particular, cytokines
modulate the balance between the humoral, cellular and regulatory responses. Some cytokines enhance or inhibit the
action of other cytokines in complex ways.

In the model, we only integrated the regulations by the most influential cytokines. We grouped them into three
classes depending on their main function: pro-inflammatory (Pi = IL1β+IL6+IL8), antiviral (innate Ai = TNFα+IFNα
and adaptive IFNγ) and immuno-regulatory (IL12, IFNγ, IL10 and TGFβ) cytokines. TNFα is generally considered as
a pro-inflammatory cytokine, but we were here more interested is its antiviral function. IFNγ is an antiviral and
immuno-regulatory cytokine.
Compared to [1], we represented (i) the pro-inflammatory cytokines IL1β, IL6 and IL8 by a single variable Pi; (ii) the
innate antiviral cytokines TNFα and IFNα by a single variable Ai.

We assumed that the cytokines are efficient enough in order to neglect their consumption when they interact with a
cell. So the cytokine dynamics results from their synthesis by immune cells (rates ρy

x, where x depends on the cytokine
considered and y depends on the producing cells) and their natural death (rate µC).

The main cytokine regulations are summarised in Table A1 and the cytokine syntheses in Table A2.

Pro-inflammatory cytokines . [9, 36, 8, 5, 32, 7] Pi = IL1β + IL6 + IL8 amplify the recruitment of macrophages and
natural killers. They are synthesised by activated macrophages. The synthesis of IL1β is inhibited by IL10, whereas
the synthesis of IL6 and IL8 is co-activated by IL1β and TNFα.

Ṗi = ρPi (MP + MI) [κ−(IL10) + 2 κ+(Pi Ai)] ←− synthesis
− µC Pi ←− decay

Antiviral cytokines. Antiviral cytokines promote the phagocytosis and reduce the infection by inhibiting the macrophage
permissiveness and/or the viral replication (and so the excretion flow in the model).

Innate antiviral cytokines are represented by Ai = TNFα + IFNα. TNFα is synthesised by activated macrophages,
IFNα by infected macrophages [27, 21, 28, 22, 6, 29, 30, 32, 7]. IL10 inhibits the synthesis of TNFα.

Ȧi = ρAi (MP + MI) κ−(IL10) + ρAi MI ←− synthesis
− µC Ai ←− decay
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Table A1. Cytokine regulations. Main up (+) and down (–) regulations included in the model for various immune mechanisms.

Cytokines
pro-inf. innate antiviral immuno-regulatory

P∗i A∗∗i IFNγ IL12 IL10 TGFβ
Innate response
Macrophage recruitment + +

NK recruitment & activation + + + –
Macrophage apoptosis +

Phagocytosis + + – –
Macrophage permissiveness – – + –
Viral replication – –
Adaptive response
Cellular response + + – –
Humoral response – – + –
Regulatory response – – ± +

Cytokine syntheses
Pro-inflammatory Pi + + –
Innate antiviral Ai –
Adaptive antiviral IFNγ + + + – –
Immuno-regulatory IL12 –
Immuno-regulatory IL10 + ±

Specific references [8, 9, 24] [27, 21, 28, 22, 6, 29, 30] [21, 22, 23, 24] [25] [31, 32, 33, 34, 8, 35, 36] [26]
Common references [32, 7] [17, 18, 19]
Global references [5, 37, 38, 39, 15, 16, 14, 13]
∗ Pro-inflammatory cytokines Pi = IL1β + IL6 + IL8.
∗∗ Innate antiviral cytokines Ai = TNFα + IFNα.

Table A2. Cytokine syntheses. Production of cytokines included (
√

) in the model by innate or adaptive immune cells.

Cytokines
pro-inf. innate antiviral immuno-regulatory

P∗i A∗∗i IFNγ IL12 IL10 TGFβ References
Innate cells
Activated macrophages

√ √ √ √
[9, 40]†

Activated natural killers
√

[9, 12]†

Adaptive cells
Cellular effectors

√
†

Humoral effectors
√

†

Regulatory effectors
√ √

†

∗ Pro-inflammatory cytokines Pi = IL1β + IL6 + IL8.
∗∗ Innate antiviral cytokines Ai = TNFα + IFNα.
† Global references: [5, 41, 42, 15, 16, 18, 37, 14, 13].
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The adaptive antiviral cytokine IFNγ is synthesised by cells of the cellular response (Rc) and natural killers (NK).
This synthesis is auto-amplified. It is also amplified by Ai, in synergy with IL12, and inhibited by IL10 and TGFβ.
IFNγ is also an immuno-regulatory cytokine and it orientates the adaptive response towards the cellular response
[21, 22, 23, 24, 17, 18, 19].

˙IFNγ = (ρinn
IFNγ NK + ρad

IFNγ Rc) [1 + κ+(IL12 Ai) + κ+(IFNγ)] κ−(IL10 + TGFβ) ←− synthesis

− µC IFNγ ←− decay

Immuno-regulatory cytokines. [17, 18, 19, 15, 16, 14, 13] IL12, IFNγ (see above), IL10 and TGFβ have various func-
tions, in particular the regulation of the adaptive immune response. They also regulate the recruitment of macrophages
and natural killers, the phagocytosis and infection, as well as the cytokine syntheses. They are produced by cells of
the innate and adaptive response.

IL12 co-amplifies the recruitment of macrophages, activates the natural killers and orientates the adaptive response
towards the cellular response. It is synthesised by activated macrophages. Its synthesis is inhibited by IL10.

˙IL12 = ρIL12 (MP + MI) κ−(IL10) ←− synthesis
− µC IL12 ←− decay

IL10 and TGFβ are both immuno-modulatory cytokines. IL10 inhibits the activation of natural killers and the
phagocytosis, it amplifies the macrophage permissiveness and it orientates the adaptive response towards the humoral
and regulatory responses. IL10 is synthesised by activated macrophages and cells of the regulatory (Rr) and humoral
(Rh) responses. Its synthesis by macrophages and Rr is amplified by TGFβ, whereas its synthesis by Rh is auto-
amplified and inhibited by TGFβ.

˙IL10 =
(
ρinn

IL10
(MP + MI) + ρad

IL10
Rr

)
[1 + κ+(TGFβ)]

+ ρad
IL10

Rh [1 + κ+(IL10)] κ−(TGFβ) ←− synthesis

− µC IL10 ←− decay

TGFβ inhibits the phagocytosis and macrophage permissiveness and orientates the adaptive response towards
the regulatory response. In the model, we neglected the synthesis of TGFβ by activated macrophages, so it is only
synthesised by cells of the regulatory response.

˙TGFβ = ρTGFβ Rr ←− synthesis
− µC TGFβ ←− decay
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2. Model calibration

The model calibration consisted in the definition of reference scenario, representing the infection of a PRRSv-
naive pig at the post-weaning stage with an intermediate susceptibility by an moderately virulent PRRSv strain. The
parameter values hence defined are listed in Table A4 and are based on the reference scenario used in the previous
model [1]. We present here the calibration method used in our previous work.

Available data. As we did not have access to specific experimental data to calibrate our model, we performed an
extensive literature review and collected published data from both experimental and modelling studies.

• On the parameter values. Most immunological mechanisms are difficult to monitor because of technical
constraints and there are consequently not enough experimental data to directly inform all the parameter values.
So we collected parameter values used in published models applied to pathogens targeting antigen presenting
cells, including the PRRS virus, Mycobacterium Tuberculosis and the influenza virus. We hence defined rather
large ranges for our parameter values.
• On the model variables. Then we compiled information on the dynamics of the model variables (viral titer

and immune component concentrations) from published studies on PRRSv experimental infections, reviewed
in [37, 43, 44, 45, 46, 47, 48, 49, 22]. Experimental protocols exhibit a strong variability and may differ on: the
monitoring duration, the immune components measured, the titration method for a given component, the viral
strain, the pig genotype and the pig age. This variability results in heterogeneous outputs among experimental
studies, which is illustrated for the viral titer, the best informed variable in the literature, in Table A3. Moreover,
among the variables included in our model, only a few were monitored in each experimental study and there
were few measures over time. So we synthesised these data to set criteria for realistic model outputs (viral titer
and immune component dynamics) [50, chapter 1].

Calibration method. Based on the available data described above, classical parameter estimation methods were not
suitable to calibrate our model and we had to design an ad hoc procedure to estimate the model parameters. This
procedure consisted of three steps:

(i) Exploration of the parameter space defined by the parameter ranges obtained from modelling studies on pathogens
targeting antigen presenting cells. Illustrations are available in [1, supplementary figures].

(ii) Selection of a reference parameter set resulting in realistic model outputs, based on the criteria defined from pub-
lished experimental data. If we were able to define quantitative criteria for the viral titer, we mainly extracted
qualitative criteria for the immune component dynamics because of the strong heterogeneity and sparcity of
published experimental data. Among the parameter sets meeting these criteria, we selected a reference param-
eter set corresponding to an average response of an experimentally infected and isolated pig to a moderately
virulent PRRSv strain. More details on the choice of the reference scenario are provided in [1].

(iii) Global sensitivity analyses on the model outputs. Such analyses were performed to identify the most influential
parameters on the model outputs, which consequently need to be precisely informed. They were also used to
check the model robustness to parameter uncertainty, i.e. that reasonable variations of parameter values still
result in realistic model outputs. The global sensitivity analysis method and the results are presented in [1].

Model outputs for the reference scenario. Reference scenario outputs for the previously published model [1] and
the simplified version presented here are represented in Figure A2. They are very close. The viral titers, our first
criterion for the model calibration, are almost identical in both models (Figure A2.A). The other well-preserved
model outputs are the phagocyting macrophages (Figure A2.C), the humoral and regulatory effectors (Figure A2.G
& H) and the cytokine TGFβ (Figure A2.N). Reference scenarios mostly differ in the natural killers (Figure A2.E),
the adaptive cellular effectors (Figure A2.F) and the cytokine IFNγ (Figure A2.L), i.e. in the global cellular response
level (lower for the simplified model). Whatever the model output, the differences are quantitative (peak value) rather
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Table A3. Synthesis of PRRSv viral titer characteristics from published experimental data, which monitored during at least 14 days post
infection (dpi). The variation ranges among published studies of three quantitative characteristics of the viral titer were extracted: the infection
duration DI (in dpi), the viral peak Vmax (in log(TCID50/ml)) and the date of the viral peak Tmax (in dpi). Theses characteristics are sorted
depending on the PRRSv strains (type 1 European or type 2 American genotype) used in the studies. We also specified the main outlines of the
experimental protocols which can be involved in the observed variability between studies: the pig breed and ages at infection (in days), the
sample origin (blood or broncho-alveolar lavage), the viral titration method and the inoculation dose (in log(TCID50/ml)) and route.

Strain x breed x age Viral titer characteristics Sample Titration Inoculation Ref.
Strain Breed Age DI Vmax Tmax origin method dose route

Type 1 European genotypes
Lelystad Ω 27 − 49 ⩾ 21 − 52 2 − 7.3 6 − 14 Ω Ω 5 − 6 Ω [51, 52, 53, 54, 55]

Belgium A Ω 42 21− ⩾ 35 2.4 − 4.6 10 blood Ω 5 − 6 IN [53, 56]
SDRP-15D ∅ 56 21 − 49 2.8 − 3.7 14 blood VI 4 IN-IV [57]

3262 ∅ 28 14 − 35 2.5 − 3.7 7 blood VI 5.7 IN [58]
3267 ∅ 28 42 − 63 3.4 − 4 7 blood VI 5.7 IN [58]
2982 ∅ 35 − 45 14− ⩾ 24 2.3 − 4.5 14 blood VI 3 IM [59, 60]
Lena Ω 42 21− ⩾ 35 3.8 − 6.1 10 − 14 blood Ω 5 − 6 IN [53, 56]

Type 2 American genotypes
VR-2332 Ω 14-42 > 21 − 112 1 − 6.3 7 − 14 Ω Ω 3.4 − 5 Ω [23, 61, 62, 63]

Ingelvac MLV Ω 14 − 35 9 − 72 0.8 − 3.7 6 − 12 blood Ω 3.4 − 5 Ω [61, 64]
JA-142 Ω 14− > 140 11 − 36 2.8 − 4.5 1 − 5 blood Ω 3 − 4.3 Ω [61, 65, 66]

Ingelvac ATP Ω 14− > 140 14 − 63 0.8 − 3.5 3 − 21 blood Ω 3 − 4.5 Ω [61, 66]
97-7985 Ω 18 − 29 > 14− > 42 3.7 − 7 4 − 14 blood Ω 2 − 5.7 Ω [54, 67, 68]

SDSU-73 Ω 14 − 35 > 35 3.5 − 4.3 5 − 7 blood VI 2.8 − 4.3 IN [61, 65]
Abst-1 Co 14 − 21 7 0.2 3 blood VI 4.2 IN [61]

MN-184 Co 14 − 21 35 4.6 7 blood VI 4.1 IN [61]
17198-6 Co 14 − 21 35 2.8 15 blood VI 2.8 IN [61]
16244 B ∅ 27 > 21 3.2 − 3.8 6 − 9 blood VI 5.7 IN [54]
761040 0 ∅ 27 > 21 3.7 − 4.7 9 blood VI 5.7 IN [54]

∅: not informed in the published studies.
Ω: variable protocol outlines between studies of PRRSv experimental infection by a given viral strain. See Table I.2 in [50] for details.

Pig breed: various (Ω) among Landrace, Large White, Yorkshire, Pietrin, Miniature, Hampshire, Duroc, NE Index line, conventional (Co)
or cross-breed
Viral titration method: various (Ω) among viral isolation (VI), quantitative RT-PCR or Immuno Fluorescence Monolayer Assay
Inoculation route: various (Ω) among intranasal (IN), intramuscular (IM), intranasal and intraveneous (IN-IV), intranasal and intramus-
cular or through aerosol
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Table A4. Model parameters for the reference scenario.

Parameter Description Value Unit*
Macrophages: susceptible (MS ), infected (MI), phagocyting (MP)
Am recruitment rate of MS 5 104 [Ce]day−1

η phagocytosis rate 5 10−7 [V]−1day−1

β infection rate 10−6 [V]−1day−1

γ 1/phagocytosis duration 96 day−1

µnat
M natural decay rate 0.2 day−1

δµ over-mortality rate of MI 1.1 no unit
µ

ap
M apoptosis rate by TNFα 0.8† day−1

µinn
M cytolysis rate of MI by NK 10−3 [Ce]−1day−1

µad
M cytolysis rate of MI by Rc 10−3 [Ce]−1day−1

Free viral particles (V)
u macrophage-virus interaction rate 1 [V][Ce]−1

e excretion rate 0.2 [V][Ce]−1day−1

µnat
V natural decay rate 0.2 day−1

µad
V neutralisation rate by Rh 10−4 [Ce]−1day−1

Adaptive effectors: cellular (Rc), humoral (Rh), regulatory (Rr) & natural killers (NK)
αR activation rate of Rc, Rh and Rr by MP and MI 10−5 day−1

αN activation rate of NK 10 [Ce]day−1

pR proliferation rate of Rc, Rh and Rr 0.05 day−1

δRc decay rate of Rc, Rh and Rr by AICD 10−1 [Ce]−1day−1

µR natural decay rate 0.05 day−1

Cytokines: pro-inflammatory (Pi = IL1β + IL6 + IL8), innate antiviral (Ai = TNFα + IFNα),
immuno-regulatory (IL12, IFNγ, IL10, TGFβ)

ρPi synthesis rate of Pi by MP and MI 10−2 [Cy][Ce]−1day−1

ρIL12 synthesis rate of IL12 by MP and MI 10−2 [Cy][Ce]−1day−1

ρAi synthesis rate of Ai by MP and MI 0.05 [Cy][Ce]−1day−1

ρinn
IL10

synthesis rate of IL10 by MP and MI 0.02 [Cy][Ce]−1day−1

ρad
IL10

synthesis rate of IL10 by Rh and Rr 2 [Cy][Ce]−1day−1

ρinn
IFNγ

synthesis rate of IFNγ by NK 10 [Cy][Ce]−1day−1

ρad
IFNγ

synthesis rate of IFNγ by Rc 10 [Cy][Ce]−1day−1

ρTGFβ synthesis rate of TGFβ by Rr 10 [Cy][Ce]−1day−1

µC natural decay rate 20 day−1

km half-saturation concentration 30 [Cy]
vm saturation factor 1.5 no unit
*cell unit [Ce] = cells/ml, virus unit [V] = TCID50/ml, cytokine unit [Cy] = pg/ml
† updated parameter value

than qualitative (output shape). Furthermore, our reference scenario does not correspond to a particular data set, but
to an average within-host dynamics obtained from the synthesis of experimental data. Both reference scenarios ara
consistent with literature data (cf. Table 5 in the main text). Consequently, the qualitative behaviour of the model is
well-preserved and we believe that the reference scenario defined for the simplified version of the model is satisfying.
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Figure A2. Model outputs for the reference scenario: comparison between the Lung-based model (dashed lines) [1] and the
simplified version of this model presented here (solid lines).
Model outputs:
- viral titer (V in green, figure A);
- innate effectors (in red): susceptible (MS , subfigure B), phagocyting (MP, subfigure C) or infected (MI , subfigure D) macrophages and
natural killers (NK, subfigure E);
- adaptive effectors (in blue) of the cellular (Rc, subfigure F), humoral (Rh, subfigure G) or regulatory (Rr , subfigure H) responses;
- cytokines synthetised by innate effectors (in red): pro-inflammatory (Pi, subfigure I), innate antiviral (Ai, subfigure J), immuno-regulatory
IL12 (subfigure K);
- cytokines synthetised by adaptive effectors (in blue): immuno-modulatory TGFβ (subfigure N);
- cytokines synthetised by both innate and adaptive effectors (in purple): antiviral IFNγ (subfigure L) and immuno-modulatory IL10
(subfigure M).
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3. Combined influence of within-host mechanisms and exposure on the viral load

By model construction, (see Model description), the viral load results from the viral exposure (income of viral
particles inside the host) and the within-host dynamics (infection and immune mechanisms). Our results show that
both exposure and within-host mechanisms have a notable influence on the viral load (see Results section in the main
text). Figure A3 below complements these results: it highlights the influence of immune mechanisms on the viral
dynamics and it illustrates the non-linear relations between the viral load of the recipient and the exposure.

Method. We defined a set of three sub-models associated with a gradual level of complexity in the representation of
the within-host mechanisms:

1. neither infection nor immune mechanisms, i.e. the sub-model only represents the viral exposure and the viral
natural decay (red curves on Figure A3);

2. infection but no immune mechanisms, i.e. the sub-model represents the viral exposure, the viral natural decay,
the target cell recruitment (baseline rate, no cytokine regulation), the target cell infection and the viral replication
(blue curves on Figure A3);

3. infection and immune mechanisms , i.e. the sub-model corresponds to the model presented in the paper (green
curves on Figure A3).

As the strength of some immune mechanisms varies depending on the virulence level (Svir), we ran the three sub-
models above for each of the three contrasted levels of virulence that we explored in our paper: low (S vir1, first column
on Figure A3), medium (S vir2, second column on Figure A3) and high (S vir3, third column on Figure A3). In order to
highlight the influence of the exposure dose on the viral dynamics, we combined the three scenario of virulence level
with three contrasted exposure doses among the one tested in the paper: low (L1, first row on Figure A3) , medium
(L3, second row on Figure A3) and high (L6, third row on Figure A3). We did not vary the exposure duration, fixed at
an intermediate value of 20 days.

Results. Figure A3 shows that, whatever the scenario [virulence level x exposure dose], the infection duration no-
tably differs between the three sub-models. This finding illustrates that the infection resolution simulated by the
model presented in the paper (sub-model 3 here) is not only determined by the exposure dose, but rather results from
the combination of the exposure dose, infection mechanisms and immune mechanisms. Infection durations either
resulting from the model presented in the paper (sub-model 3, green curves) or the sub-model 2 (blue curves), which
accounts for the infection mechanisms but not the immune mechanisms, are particularly contrasted. This highlights
the major role played by the immune mechanisms on the infection duration.

Moreover, Figure A3 shows that the earlier dynamics of the viral load is similar for the three sub-models and high
exposure doses (L6, last row), but not for low exposure doses. This corresponds to a global saturation effect of the
immune and infection mechanisms for high exposure doses, as highlighted in the paper results.
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Figure A3. Combined influence of the within-host mechanisms and the exposure dose on the viral load. Viral load over infection time
(semi-log graph) generated from three sub-models (colours) for 9 contrasted scenarios of virulence level × exposure dose [virulence level:
low: Svir1, medium: Svir2, high: Svir3 – columns ; exposure dose: low: L1, medium: L3, high: L6 – lines].
Sub-Models – 1. Neither infection nor immune mechanisms: viremia = exposure - natural decay. 2. Infection but no immune mechanisms:
viremia = exposure - natural decay + replication; target cells = recruitment - natural decay; infected cells = cell infection - natural decay. 3.
Infection and immune mechanisms: model presented in the paper.
Vertical line: exposure duration (DE=20 days).
Horizontal dashed line: viral detection threshold (102 TCID50/ml).
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