Equations for the models with an immune response

This appendix includes the equations for all models along with a brief description of
the model dynamics. Note that in some cases, parameter and variable notation has been
changed from the original papers so that it is consistent across all models presented in this
paper. For full descriptions of the models, all the processes they describe and definitions of

all parameters and variables, see the original papers.



Bocharov

The Bocharov model (1) is the first within host influenza model that incorporates a full

immune response.

T = Ty—1—-D—-R

% = BTV — kplC — 61
% — kplC + 6l —apD
% = opFT —agrR
% = pl +nbcIC —yyaAVA—-cV
— VT
dd_]\t/l = MV —ayM
e LM — ) Helt — ) — MH,)
— WeMH.C + oS (Heo — He)
% = BBICpEM(t — BV Hp(t — 75) — M Hyp]
— bpPMHpB + of(Hpy — Hp)
% = W[CpeM(t — 1) He(t — 16)C(t — 70)
— MH:C) = bieIC + ac(Cy — O) (1)
% = bplCppM(t — 75)Hp(t — 75)B(t — 15)
— MHgB] + ag(By — B)
dP P
o = UpCppM(t = 7p)Hp(t - 7p)B(t — 7p)
+ ap(Po— P)
di\l;[F = YV (Mpo — Mp) — an, M
dF
ar prMp —apF —opF(Ty — 1 — D — R)
% = paP —yavAV —asA
D
(p) = 1-%



This model does not explicitly include the dynamics of target cells, but the initial number
of target cells is included as Tj. Cells become productively infected (no eclipse phase), I, at
a rate § and are either destroyed by CTLs, C, or die after a time 1/§, becoming dead cells,
D, in either case. Infected cells produce virus, V', at a rate p, with additional virus being
released when CTLs destroy infected cells. Virus is removed at a constant decay rate, ¢, or
via binding to Abs, vy 4 A, or entry into target cells yy,;7". The virus stimulates macrophages
to begin producing IFN Mg or to become antigen presenting cells M. Interferon is produced
only by macrophages in this model and causes target cells to become resistant to infection, R,
although this resistance can wear off. The antigen presenting macrophages cause proliferation
of helper T cells (Hp and H¢) that themselves cause proliferation of CTLs and B cells B.

B cells cause proliferation of plasma cells, P, which produce Abs.

Hancioglu

The Hancioglu model (2) is a simplification of the Bocharov model. In this model, target
cells, T, are infected and immediately become productive, I. Infected cells are either killed
by CTLs, C or die after a time 1/d. Macrophages, M, become activated by the presence
of dead cells, D, and virus, V. Macrophages and infected cells secrete IFN, F', which acts
to protect target cells by making them resistant to infection, R. Macrophages also cause
proliferation of CTLs and plasma cells, P. Plasma cells produce Abs, A, which bind to virus
at a rate determined by their antigenic distance, S, from the virus. Virus is produced by

infected cells and is removed by Abs, absorption into target cells, decay, or other non-specific



clearance (such as coughing).
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Lee

The Lee model (3) is perhaps the most realistic representation of the adaptive immune

response. It consists of 15 equations and 46 parameters.
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Briefly, target cells T" are infected at a rate § and are generated at a rate A. Infected

cells, I are immediately productive (no eclipse phase) and can be removed by effector T cells,

Tg, or death after 1/§. Virus, V, is removed through non-specific clearance ¢ or by Abs, A.

Dendritic cells, D, can also become infected (D*), but they do not produce virus. Instead



they migrate to the lymph nodes where they become mature dendritic cells, Dj; and initiate
the adaptive immune response. The activation, 7;, proliferation, p; and clearance ¢; of naive
CD4™" cells, Hy, effector CD4™ cells, Hg, naive CD8™ cells, Ty, effector CD8™ cells, Tg, naive
B cells, By, and activated B cells, B4, are controlled by the number of mature dendritic cells.
Effector CD4" cells assist in the proliferation of activated B cells and mediate differentiation
into long-lived Abs-secreting plasma cells P,. Short-lived Abs-secreting plasma cells, Ps,

arise from activated B cells alone.

Handel

Handel et al. investigated a model that included both the effect of IFN (innate immune
response) and Abs (adaptive immune response) (4). This model includes an eclipse phase,

and allows for regeneration of dead epithelial cells.
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where F'(t) (IFN) was determined by fitting IFN levels from mice infected with A/Port
Chalmers/1/73 (H3N2). Target cells, T" are infected at a rate § and re-grown at a rate .
Once infected, they move to an eclipse phase E before becoming productively infectious, I,
after an average time of 1/k. Infected cells produce virus at a rate p before dying after an
average lifespan of 1/d. Virus, V is cleared from the system through non-specific clearance

(at a rate ¢) or by Abs, A, at a rate a. The Abs grow proportional to virus, at a rate s, and
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undergo clonal expansion at a rate r. Interferon reduces the production rate, similar to a

drug, with an ICsq of 1/k.
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In this model, the target cells, T, are infected at a rate SV and are born at a rate X\. Once
virus enters the cells, they immediately become productively infectious, I, (no eclipse phase)
and can be removed either through natural death at a rate J or they can be killed by CTLs,
C, at a rate kgC(t). Virus is produced at a rate p and decays at a rate ¢. Virus can be
removed from the system by either IgG Abs, Ag, at a rate kgAg(t) or by IgM Abs, Ay, at
arate ky Ay (t). In their implementation of this model, Miao et al. used data collected from

mice to numerically create functions for C(t), Ac(t), and Ap(t) (5).

Baccam

While Baccam et al. present several models in (6) in an attempt to describe patient data,

only one includes an immune response.
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In this variation of the basic influenza model, target cells, T', are infected at a rate 5. Once

infected, cells enter an eclipse phase, F, in which they do not produce any virus. The cells
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become productively infected, I, after a time 1/k, a time that is lengthened with in the
presence of IFN. Productively infected cells produce virus at a rate p, which is suppressed
by IFN. IFN is released by productively infected cells at a rate s and decays at a rate a.
The ICs50 of IFN is 1/¢; for the length of the eclipse phase and 1/¢ey for the production rate.

Saenz

In (7), Saenz et al. introduced a within host influenza model that includes an IFN response.

dT

— = =[BTV —¢TF

& g ¢

dE;

— = BTV —kE

T B 11

dE.

d—; = mBVW — ko (7)
dr

— = kB +koEy—01

1 1107 + R Lo

d

d_VIL/ = ¢TF —mpVW —alW
dR

bk 7 %4

dt ¢

dv

— = pl—cV

a e

dF

T nqEs +ql — aF

In this model, target cells, T', are either infected (at a rate ) or become resistant to infection,
W, because of the presence of IFN. Partially resistant cells can still become infected, although
the rate is reduced by m. Once infected, cells move into an eclipse phase, F; for unprotected
target cells or E, for partially resistant cells. Eclipse cells become productively infected, I,
after a time 1/k; for Ey or 1/ky for Ey. Partially resistant cells that are not infected after a
time 1/a become fully resistant to infection, R. Virus is produced by infected cells at a rate
p and cleared at a rate c¢. Interferon is produced by infected cells at a rate ¢ and by Es cells

at a rate reduced by n and cleared at a rate a.



Pawelek

Pawelek et al. (8) propose several models that they argue better represent the data presented

by Saenz et al. (7). We use the model presented in the main body of their paper,
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In this model, IFN has two effects: it provides protection from infection to some target cells
T by moving them to a resistant class R and it causes death of infected cells by stimulating
growth of natural killer cells (not explicitly represented in the model). Unprotected target
cells become infected and move directly to a productively infective state (no eclipse phase).
The death rate of infected cells is constant until the adaptive immune kicks in (about day 6
or 7) and then is given by § = §;elo(t — i) where 6; is the original death rate, p is the turn
on time of the adaptive response and o is the growth rate of the adaptice response. Growth
of IFN in this model is assumed to be proportional to the number of infected cells and IFN

decays at a constant rate.
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