Sequential infection experiments for quantifying
innate and adaptive immunity during influenza
infection
File S1:

Two-strain model equations for the baseline and modified models,

model modifications from our previous study,
and compartmental diagrams for the modified models

The two-strain baseline model

The model equations are given by
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For the baseline model, the number of T cell pools is J = 3. To reduce the
number of independent cross-reactivity parameters, we impose the relationship
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Modifications to the model by Yan et al. [1]

The model in Eq. [I| was modified from a previous study [I]. The model has
been documented completely in the present study, but for clarity we document
the modifications made.

First, we simplified the memory CD8% T cell compartments by assuming
that parameter values for central memory CD8' T cells were identical to those
of naive CD8' T cells.

Second, one of the aims of the simulation-estimation study was to see whether
fitting the model to experimental data would allow us to disentangle the three
innate immune mechanisms included in the model by Cao et al. [2]. The model
in the previous study [1] only included one innate immune mechanism as innate
immunity was not the focus of that study. In the present study, we re-included
all three innate immune mechanisms.

Third, as discussed in the Materials and Methods section of the main text,
in the experiments conducted by Laurie et al. [3], the concentration of total
viral load, rather than the number of infectious virions, was measured. Hence,
we included an additional equation for total viral load concentration.

Fourth, the only compartment in the model for which time series data was
available for all ferrets is the total viral load Vise. Given this limitation, we
combined some model parameters and normalised some model compartments,
to reduce the number of model parameters and increase structural identifiability
of the model.

In our previous study [I], the strength of cellular adaptive immunity was
a function of the avidity a; and the epitope abundance dj;4, but these two
quantities only appeared in the combinations
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where ]Nfc and kg were baseline values for the number of infected cells required
for half-maximal stimulation of naive CD8% T cells and the clearance rate of
infected cells by effector CDS8T T cells respectively. Hence, we need only specify
kcjq rather than a; and dj, separately. Furthermore, of the parameters kg4, we
need only specify Kg11, from which the remaining values kg;q, can be obtained
from the relation Kgjq = kE11 ZCI .

The compartments F', B, P, ji, C, E and M were not measured directly, so
we normalised them to reduce the number of model parameters. The adaptive
immune compartments were scaled such that the initial values of C' and By are
1. F was scaled such that the production rate of interferon by infected cells is
1 day~!.



Models XC, XI, XT and XIT

Figure [A] shows compartmental diagrams for models XC, XI, XT and XIT.
In model XC, cross-protection is mediated by cellular adaptive immunity only,
and not target cell depletion or innate immunity. Unlike the baseline model,
type I interferon F; are strain-specific. Cells infected with strain ¢ induce the
production of interferon specific to that strain. The effects of interferon F, —
rendering target cells temporarily resistant to infection; lowering the production
rate of virions; and increasing the death rate of cells — only apply to strain q.
In addition, each strain now targets a separate pool of uninfected cells; the
size of each target cell pool is Ty (identical for both strains). This alternative
model is not meant to reflect a biologically realistic situation; however, it enables
in silico thought experiments to determine, for a given set of parameters, the
contribution of each immune component to cross-protection.

Explicitly, the changed equations (relative to Eq. [1]) for model XC are given
by
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The equations for B;q, Py, Agq, Cj, Es; and M; remain unchanged.

In model XI, cross-protection is mediated by innate immunity, but not target
cell depletion or cellular adaptive immunity. The model is altered from the
baseline model such that the number of T cell pools is J = 4. T cell pools 3 and
4 have the same parameters as pool 3 in the baseline model, but T cell pool 3
is stimulated by, and targets, cells infected with strain 1 only, while T cell pool
4 is stimulated by, and targets, cells infected with strain 2 only. (Explicitly, the
cross-reactivity parameters for T cell pools 3 and 4 are kgs1 = kg2 equal to
kcs1 = kcosz in the baseline model; kosze = kg1 = 00; Kps1 = Kpa2 equal to
KE31 = Kpse in the baseline model; and kg3s = kp4o = 0.) The cross-reactivity
parameters for pools 1 and 2 remain the same. In addition, each strain now has
its own target cell pool.

The equations for model XI which are altered relative to Eq. [1] are
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Figure A: Compartmental diagrams for models XC, XI, XT and XIT.
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In the model where cross-protection is mediated by target cell depletion
only, the model is altered from the baseline model such that the number of
T cell pools is J = 4. In addition, type I interferon F, are strain-specific.
Cells infected with strain ¢ induce the production of interferon specific to that
strain. The effects of interferon Fj, — rendering target cells temporarily resistant
to infection; lowering the production rate of virions; and increasing the death
rate of cells — only apply to strain q. However, the virus strains still share a
target cell pool, so to implement target cells becoming temporarily resistant to
infection with strain ¢, we now explicitly track refractory cells resistant to each
strain, R,, and refractory cells resistant to both strains, Ris.
The changed equations (relative to Eq. 1)) for model XT are
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In the model where cross-protection is mediated by target cell depletion
and/or innate immunity, but not cellular adaptive immunity (model XIT), the
cellular adaptive immune response is no longer cross-reactive. Like for model
XI, the model is altered from the baseline model such that the number of T cell
pools is J = 4. However, like the baseline model, target cells are shared between
the two strains. Hence, the alterations in Eq. [4| are not made for model XIT.

Models where only one innate immune mecha-

nism mediates cross-protection

We define the models XI1-XI3 (Fig. such that in each model, cells infected
with strain ¢ induce the production of interferon specific to strain ¢. In model
X1y, cross-protection is only mediated by innate immune mechanism y, and

not by the other innate immune mechanisms, target cell depletion, or cellular
adaptive immunity. To recap, the three mechanisms are:

1. rendering target cells temporarily resistant to infection (T' — R);
2. decreasing the production rate of virions from infected cells; and
3. increasing the decay rate of infected cells.

Equations show the equations which are changed in models XI1-XI3
relative to the baseline model (Eq. [1)).
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(ii) Model XI2: cross-protection mediated by interferon decreasing the production rate

of virions from infected cells
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Figure B: Three alternative models, where in model X1y, cross-protection is only
mediated by innate immune mechanism y, and not by the other innate immune
mechanisms, target cell depletion, or cellular adaptive immunity.
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