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1 Parameter estimation

Our model described by Equations (1)-(4) in the main text is comprised of 13 parameters (Table 1), whose
nominal values were estimated either by direct derivation from previously documented in vitro and in vivo
experimentation, or by parameter optimization to reproduce the dynamic behaviors for variables F', C, N and
D observed in experimental murine exposure to A. fumigatus spores in [, 2] and in our own experimentation.

1.1 Direct derivation of the parameters

The first 8 parameters (M, Ny, dn, Oc, O, kND, knk, dvr and B) listed in Table 1 were directly derived from
the experimental data as described below. We use 2 significant digits by rounding the third digit.

Number of macrophages M. Hohl et al. [B] measured the absolute number of macrophages in murine
bronchoalveolar lavage fluid (BAL), at 24 hours post-inoculation with an intranasal inoculum of 10’
live A. fumigatus conidia. In our model we assume that the number of macrophages remains constant
and we use the observed value of M = 0.3 x 10° cells (Fig. 1 in [B]).

Number of available neutrophils N,. Assuming total murine blood volume to be 58.5ml/kg, the circulat-
ing volume of blood in a mouse with a typical weight of 25 g can be estimated as 58.5 x 25 x 1073 =
1.4625 ml. If the total number of white blood cells average, in mice 7.45 x 103 cells/ul (Fig. 3
in [@]), of which 14.63% are neutrophils [&, 8], the circulating neutrophil titre can be calculated as
7.45 % 103 x 0.1463 x 1.4625 x 10 = 1.59 x 10° cells. Since circulating neutrophil count is estimated
as accounting for 1 — 2% of the total body neutrophil count [B], we obtain N, = 150 x 106 cells as a
number of the total neutrophils available.

N-mediated F killing rate kxg. In vitro incubation of A. fumigatus spores (10° ml~!) with an equal number
of neutrophils lead to killing of 30.6% of the spores after 2-3 hours (Tablel in [6]). Assuming the rate
of change of the number of spores F in this setting is described by

dF
~ = —kypNF
dt NF
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without fungal proliferation, we obtain kyy = 1.2176 ~ 1.2 x 107 cells"'h .

M-mediated F Kkilling rate dyiz. In vitro challenge of cultured human alveolar macrophages (0.5 x 10°
cells/coverslip) with A. fumigatus conidia (two conidia per macrophage) resulted in engulfment of
90 % of bound A. fumigatus conidia after 18 hours (Fig. 7 in [[]). Assuming the rate of change of
fungal burden F in this setting is described by

ar _ dyrMF.
dt - MF 3

we obtain dyp = 0.4264 x 1076 cells—'h~!.

Ex vivo killing assay found 47 % of A. fumigatus swollen conidia were killed after 6 hours of incuba-
tion with 0.5 x 10 murine alveolar macrophages (Fig. 4 in [R]). In this study alveolar macrophages
were harvested from mouse lungs and seeded at a conidium/AM ratio of 1:10. We therefore derived
dwr = 0.2116 x 1076 cells~'h™ .

We therefore chose the nominal value of dyr = 0.32 x 1076 cells~'h~! by taking the mean of these
two values.

F proliferation rate 3. Vallor et al. [9] measured the temporal change of A. fumigatus fungal burden in a
neutropenic guinea pig model of invasive pulmonary aspergillosis. We assume the fungal proliferation
rate is approximate to that in a mouse. From their data (Table 1) F(1h) = 10> conidial equivalents
(CEs) and F(24h) = 107-7 CEs.

The model equation

dF
— = (B—durM)F.
dt (B MF ) ’
B=2.8x 1074~ is derived since B — dypM = Lo 1071 =0.1802 h~!, dyp = 0.3189 x
. MF 24— 1) 1059 . » GMF .

1070 cells~'h~! and M = 0.3 x 10° cells from the derivation above.

Note also that the in vitro growth rates of 0.2349 —0.3375 h~! measured by a microbroth method for
nine A. fumigatus isolates (Table 1 in [I0]).

N-induced D efflux rate kxp. The numbers of DCs in the lung (D) and the lymph node (Diymph) in im-
munocompetent mice challenged with A. fumigatus were measured over 24 hours (Fig. 1B in [I1]):
Diymph (Oh) =2.5 x 10* cells and Dyympn (24h) = 5 x 10* cells. Assuming that the increase in the lymph
node DCs is due to migration of DCs from the lungs to the lymph nodes and that N(¢) ~ 1.5 x 10°
cells and D(¢) ~ 0.1 x 10° cells for the first 24 hours post-inoculation (Fig. 1 in [2]) for simplification,
we derived knp = 6.9 x 1073 x 107 cells~'h~! from

leymph

= knpND.
o ND

N degradation rate dn. Basu ef al. [12] measured BrdU-labeled neutrophils in murine blood at 96 and 120
hours after BrdU injection, (Fig. 5C) and calculated 8y = 0.0609 ~ 6.1 x 1072 h~! from the rate of
loss of labeled neutrophils, using the formula

N = Nye V.



time ¢ 24 time ¢ 4 8 12 24 48 72 96
F (1) (in this study) | 0.2314 || C(r)[1] | 0.2 1.4 285 3 1.35 02 0.1
timer | 24 48 72 time ¢ 24 72
NOP | 3 8 5 || D@I[2]]03 0.1

Table S1: The experimental data used for the parameter optimization.

This is the value we use in our model. The same method with prior published data of human and
mouse neutrophil decay deduces similar values of 0.033 h~! (Fig. 1 in [13]) and 0.027 h~! (Fig. 2
in [T4]). Note also that neutrophils have a similar lifetime in the circulation as in the tissue (= 0.015
h~! by Fig. 2b in [19]).

C degradation rate dc. Mehrad et al. [16] measured lung TNF-a. levels in cyclophosphamide-treated (im-
munocompromised) mice after A. fumigatus challenge. We assume that the decrease of the lung
TNF-a level after its peak at 48 hours post-inoculation is mainly due to natural degradation and de-
rived 8¢ = 0.0655 ~ 6.6 x 1072 h~! using their data C(48h) = 5.8 ng/ml and C(96h) = 0.25 ng/ml

(Fig. 2B) with

dc
T _seC.
dt C

The assumption of 6cC(r) >> kcpD(t),kcMF (t) in the model equation (2) was confirmed to be valid
in our model simulation.

1.2 Parameter optimization

The remaining 5 model parameters in our model (o, 0p[Dy], kep, ke and 8p) were estimated by parameter
optimization using Monte Carlo Simulated Annealing [I'Z] to fit to the in vivo experimental data, while the
directly evaluated 8 parameters in the previous section were fixed. The in vivo experimental data used for
the parameter optimization (Table S1) includes the dynamics of F' (CFU counting) as measured in our own
murine fungal challenge experiments (see Methods in the main text and Fig. 6 (a)), C (in BAL) measured
at different times after a challenge by 6 x 1092 CFU of A. fumigatus infection (Fig. 1 in [1I]), and N and
D measured post challenge by killed Aspergillus hyphae (5 —9 x 10° CFU) in mice (Fig. 1A and 4B in
[2]). Note that high inocula (order of 10® CEs) were used in these published experiments. We optimized the
parameter values from 1000 randomly chosen initial values within the range of [0, 1] for each parameter and
selected the set with the minimal error, S = Y2, (R$™ — R7™)? between the experimentally measured value

. ]
R and its simulated value R¥™, as our nominal parameters.

2 Parameter sensitivity analysis

We performed sensitivity analysis to check whether our main results are robust against the perturbation in
the nominal parameter values.

2.1 Global sensitivity analysis

We evaluated the global parameter sensitivity of our model, in order to identify the sensitivity of the time
for N¢ (and the maximum fungal burden) to be reached (T;(')), and the time required for clearance (to below



one CE) of the initial fungal burden F (Tg,), to simultaneous variations in the parameters. For this purpose,
we performed simulations of our model for 100,000 sets of the parameters, where the value of each of the
13 parameters was chosen from a uniform distribution of up to 10% variation around its nominal value, and
derived Sobol’s global sensitivity metric [I8] for both a high dose (Fy = 10° CE) and a low dose (Fy = 10?
CE) inoculation. The parameter sets for which the model does not achieve fungal clearance within 150 hours
were eliminated from the analysis (= 4% of the 100,000 parameter sets investigated).

Sobol’s global sensitivity metrics for both Fy = 10° and Fy = 10? indicate that the results are most
sensitive to B (the fungal growth rate), followed by M, o, Nv, k¢, dyr and 8¢ (Fig. S1). We confirmed
the convergence of the sensitivity indices with simulations of another 100000 sets of parameters. For the
low dose inoculation, B has a higher relative sensitivity than for the high dose inoculation, since the early-
time dynamics is dominated by the exponential growth of the fungus (the B[F] term in our equations) that
becomes exaggerated as the initial inoculum is decreased. Indeed our results demonstrate that a slight change
in B for a low dose inoculation leads to qualitatively different disease outcomes (Fig. 8). For the high dose
inoculation, M has a higher relative sensitivity than for the low dose infection, since high dose spores have
to be killed quickly to avoid its saturation.

2.2 Persistence of low dose fungal exposure

Our model predicted (Fig 5(a)) and the experiments verified (Fig 6(b), (c)) that longer time is required to
achieve N, for lower inoculum. To confirm whether this model prediction robustly holds despite parameter
variations, we evaluated Tf02 and Tlcoé, where TFC0 is the time to achieve N, with the initial fungal burden Fy,
for increasing levels of variations up to 0.1, 0.2, 0.5 and 1 orders of magnitude from the nominal values for
all the parameters. The results confirmed that Tlco2 > T]°06 robustly holds (Fig. S2(a)). The same analysis
confirmed that T2 > Ty robustly holds despite parameter variations, when the curative neutrophil thresh-
old N¢ > 0 (Fig. S2 (b)). Note that 75> < T;¢s are observed if N¢ < 0, since the fungal burden does not
grow initially (when N = 0) under this condition and thus is rapidly cleared mainly by macrophages (M),

corresponding to the behaviour A in Fig. 8(b)-(c).

2.3 Existence of oscillatory behaviors

The clearance time against varied values of B for different initial fungal burdens (Fig. 8) indicates a qual-
itative change at £y = 10*, above which the region B disappears, suggesting that the oscillatory behaviors
are observed only for initial fungal burden F below this threshold burden Fy. Our extensive set of simula-
tions and mathematical analysis shows that the existence of the oscillatory behaviors in low dose infection
is always observed for perturbation of all the parameters for at least up to an order of magnitude from the
nominal values, except for the case with N¢ < 0 corresponding to the behaviour A in Fig. 8(b)-(c).

3 Experimental data

The experimental data that we discuss in the main text is presented in Tables S1 and S2.
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4 % 10° CFUs | 400 CFUs
113000 90
209000 50
220000 120
320000 10
295000 40

Table S1: CFUs at 24 hours post-inoculation, per whole murine lung, following intranasal inoculation of
immunocompetent CD1 mice with 4 x 10° or 400 A. fumigatus colony forming units (CFUs). CFU counts
were determined by culture of homogenised lungs on ACM agar, and enumeration of colonies.

4.25 x 10° CFUs 4.25 x 10* CFUs
24 hours 48 hours | 65 hours | 24 hours | 48 hours | 65 hours
397348 3091148 | 312913 157628 60599 237843
7087955 518688 489316 39710 900629 23264
3466755 244377 371865 199202 45370 60357
367069 409021 735221 | 1049977 | 100448 | 234624
547264 6261505 | 628365 834470 | 229045 | 210952
7060366 | 3226818 | 824466 | 295442 | 387174 120926
288312 609715 313049 125002 | 514299 31988
397138 16421170 | 564623 116275 | 378004 162268
280937 1875676 | 2092821 | 540132 120633 | 320754
11317003 | 240354 568106 97729 58768 281695
13357176 | 569908 586725 | 342645 | 225346 57873
2646809 665083 428817 82693 43922
8256643 | 11319847 324899 29425
24264970 | 1195520 145906 | 528250
420585 33778 1725395
120057 | 1478676
110742 89312
32384 86707
45110

Table S2: Conidial equivalents (CEs) at 24, 48 and 65 hours post-inoculation, per whole murine lung,
following intranasal inoculation of immunocompetent CD1 mice with 4.25 x 10° or 4.25 x 10* A. fumigatus
colony forming units (CFUs). CE counts were derived by qPCR-mediated quantitiation of the A. fumigatus
B-tubulin gene. Standard curves (CT) of the form CT = Alog,,(CE) + B were derived from spiked genomic
DNA (gDNA) samples by combining gDNA from known quantities of A. fumigatus spores (10%> — 10°) with
gDNA extracted from uninfected murine lungs. CEs were estimated by interpolation from the standard
curves using (A,B) = (—2.2725,48.6679) for 4.25 x 10° and (A,B) = (—2.1206,45.6605) for 4.25 x 10*
CEs.
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Figure S1: SOBOL global sensitivity analysis for (a) 1°02, (b) 1°06, (c) T1p2 and (d) Tyqs-
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Figure S2: Simulation results for uniformly sampled parameter sets, each of which deviates up to 0.1 (black),
0.2 (red), 0.5 (purple/light pink) or 1 (grey/light grey) order of magnitude from its nominal value (blue
circle) (a) T1C02 against ) 06 for the cases N¢ is reached. All results lie above the blue line suggesting that

102 > T+ (b) Typ2 against Typs. Light pink and light grey points represent parameter sets where Nc < 0.
For N¢ > 0, when the neutrophils are required for clearance, all results lie above the blue line meaning that
T102 > T1g6-
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Figure S3: Time for fungal clearance [h] with varied rate of reductions and timings of reduction introduced
(in hours post-inoculation) for M.
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Figure S4: Model prediction of cyclic and persistent colonisation following repeated fungal exposure of 100
CE:s every (a) 1h, (b) 24h and (c) 48h. Rapid changes in the fungal burden (described by a thicker line) are
observed between 50 and 300 hours in (a).
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