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A simple age-structured model for worm senescence and concomitant immunity

We here define a simple age-structured model to describe how the number of adult worms and their
age distribution in an initially naive cohort of human hosts change through time as a function of the
force of infection (FOI; i.e., the rate at which new worms are recruited per unit time), and worm
mortality (i.e., the rate at which worms are lost per unit time). To simulate reproductive senescence,
we assume that worm fecundity (i.e., the rate of egg production per mated female worm) decreases
monotonically with worm age (Figure S1). To simulate concomitant immunity, we assume that
recruitment of new worms declines with the number of adult worms harbored by the host at a given
time.

We use the model to track the total number of eggs produced per unit time, computed as the sum
across all worm ages classes of the number of female worms in that worm age class times the worms’
age-specific fecundity. Because simulation time also tracks the age of the human subjects in our
model, we can use the model to generate age-intensity curves, and to examine egg output before and
after chemotherapy (praziquantel administration).

Model structure

Our model builds upon classic epidemiological models for schistosomiasis infection, specifically on
the equation tracking the mean parasite load, w (mean number of worms per human host; see for
instance eq.3.1ain (1)) in a cohort of initially naive children:

dw/dt = gC - uw (eqg. S1)

where C is the concentration of cercariae in the water, the transmission rate, f, is an aggregated
parameter accounting for the rate of human water contacts per unit time and the probability of
infection given human contact with cercariae-contaminated waters, and 4 is a constant within-host
parasite mortality rate per unit time. Because we aim to build the simplest possible model, ignoring
the complexities introduced by specifically tracking snail populations, R = 4-C approximates the
force of infection from cercariae in the water to humans contacting that water, assuming the cercarial
pool is constant.

Here we considered a discrete-time version of eq. (1S) which tracks worm age x, namely:
Wi+1 = Mew; + R(wWy) (eq. S2)
where:

- Wi = [wag, Way, . Wni] T is a vector for age structure, i.e., number of worms (males + females)
of age 1, 2,... n* (wn+ indicating the number of worms of age n or older) at time t (the symbol
“T” indicates the transpose operator);
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- R(wy) = [Bw)C, 0,0, .0]"is a vector tracking recruitment of new worms where the
aggregated parameter 3 is not constant as in eg. (S1) but a monotonic declining function of
total parasitic load;

- Misan “n x n” square matrix with the first row equal to zero and the sub-diagonal elements
equal to o=exp(-p), i.e., the fraction of worms surviving from time t to time t+1;

- the symbol “*” indicates matrix multiplication.
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This simple model is thus a variant of a Leslie (i.e., age-dependent) model (2,3) with density-
dependent exogenous recruitment.

We track worm abundance through time in a single cohort of human subjects that all begin exposure
at the same age (here assumed to be 4 years old), and we track egg output before and after
praziquantel administration. We assume that the concentration of cercariae C is constant over the
entire simulation time, whereas the transmission rate is defined as an exponentially decreasing
function of parasitic load (i.e., concomitant immunity regulates worm recruitment rate), namely:

B)= foexp(-6-Ly-; Wxs) (eq. S3)

where S is the maximum transmission rate, o is a parameter measuring the strength of concomitant
immunity, and the symbol X indicates summation over the entire worm age distribution to compute
total parasite burden at time t.

Egg output was computed as follows:
E=¢g X f- Yo wyy (eq. S4)

where ¢ is the fraction of eggs that are excreted, fx is the per capita fecundity, an S-shaped decreasing
function of age x (Figure S1), and the coefficient % is used to derive the number of females in the
population assuming an average 1:1 sex ratio.

Model parameterization

Time t was measured in months. Simulations not reported here show that using a finer time step - for
instance, one week or one day - did not change the outcome of the analysis.



Table S1 — model parameters

Parameter, unit

Description

t [months]
Wit

1:1

LE =5 years

u=1LE=0.2y"
o = eW365=0.983
fmax = 350 eggs/day
Xmed = D years

n =10 months

time [time step]

mean number of adult worms (males + females) of age x at time t
per host

mean female-to-male sex ratio

life expectancy

mortality rate

fraction of adult worms surviving to the next month
maximum per capita worm fecundity

worm age at which fecundity is half the maximum value

a parameter inverse to the slope of the age-dependent fecundity
function

product of cercariae concentration C and maximum transmission

rate fo

strength of density-dependent exponential reduction in recruitment
induced by concomitant immunity

SoC =1 per month
0 =0.05

=09 Fraction of eggs excreted from human host

Mean worm life expectancy (LE) was set to 5 years, and mortality rate was computed as ¢ =1/LE =
0.2 [y!] = 1.66-102 [months™]. The fraction of live adult worms at time t surviving to the next month
was computed as o = exp(-p) = 0.983 per month. Assuming a lower life expectancy (e.g., 3 years)
changed neither the qualitative outcome of the simulations nor the conclusions of this paper.

Per-capita fecundity was assumed to be described by the following S-shaped, monotonically
decreasing function of age:

fx = fmax/(l'l'exp((X'Xmed)/n)

where maximum per-capita fecundity, fmax, was set to 350 eggs per day and xmed and 1 (a parameter
inverse to the slope of the function) were set to 5 [years] and 10 [months], respectively, to simulate a
per-capita fecundity rate fairly constant until age 3 with a smooth drop in egg output between age 3
and 7 (Figure S1).

We focus here on Schistosoma haematobium, although a similar model could apply to S. mansoni or
S. japonicum. To simulate egg count per 10 ml of urine, we assume a urine volume equal to 1500 ml
per day and a 10% egg retention per day in the human body.



Supplementary Material

The product of maximum transmission rate and cercariae concentration in the water, C, is set to 1
and the parameter measuring the strength of concomitant immunity &is set to 0.05.

We also ran a sensitivity analysis for values of £C equal to 0.01, 0.1 (low FOI), and 2 and 5 (high
FOI) times the reference value (/C = 1) and for stronger concomitant immunity, namely ¢ = 0.25.

In the simulation, we assume children are first infected at a transmission rate equivalent to that in the
rest of the ages in the cohort (for the constant fC assumption to be valid) beginning at age 4.

The model was implemented in R version 3.5.1 and the script is available upon request.

Results

The simple model presented here can parsimoniously reproduce epidemiological patterns of peak and
peak shift in the age-intensity curve, as well as overshoot after praziquantel administration.
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Figure S1. A) The graph tracks egg output in a cohort of hosts across host ages: each host in the
cohort has a population of worms of differing ages that contribute to total egg output in that host.
Therefore, at equilibrium, a stable age distribution in the worm population within each host, with
many old and few young worms, leads to relatively low and unchanging egg output after several
years of endemic transmission/infection. Inset shows the assumption governing worm reproductive
senescence with increasing worm age (in years). B) The epidemiological pattern of overshoot after
drug treatment is predicted in high but not in low transmission settings, consistent with patterns
observed in endemic sites whereby some populations, but not all, exhibit overshoot (i.e., overshoot is
more likely at ‘persistent hotspots’ of transmission).
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Figure S2. A) Model-predicted average apparent worm fecundity by age of host computed as the
overall egg output (i.e., the sum of egg output from all female worms of all ages in each age class of
host) divided by the total number of female worms in hosts of that age. B) Field observed change in
worm fecundity over age of hosts in a Malian population (reproduced from data in (4)) with worm
fecundity proxied as the number of eggs/10mL urine divided by the CAA pg/mL plasma (a gut-
associated glycan constitutively released by adult worms) in each host of various ages. Points are
results for individual hosts; the line is the result of a piecewise linear regression, with separate
regressions for children of age <11 and older individuals of age >=11 (see (4) for details). Vertical
dashed line represents the age at maximum egg output (peak) for A) this iteration of our model, or B)
field data (4).

Model caveats and limitations

Our model tracks worm burden through time in a single, initially naive cohort of hosts exposed to
cercariae-contaminated waters, but does not describe the full life cycle of schistosome worms.
Therefore, it does not track the reduction in cercarial concentration expected to occur following
repeated, community-wide drug treatments, nor does it follow variations in egg output with host age-
dependent behavior or susceptibility. Accordingly, we assumed cercarial concentration C and
exposure rate S were set to constant background levels not affected by praziquantel administration
or host factors. We chose this simplification deliberately in order to demonstrate whether peak, peak
shift and overshoot could be reproduced, even in the absence of differences in exposure or risk across
age classes. Additionally, for simplicity, we ignored any possible Allee effects (the drop in mating
probability in small worm populations due to difficulty of finding a mate (5-8)). Future iterations of
the model could consider these complexities, among others, to observe the measure of influence of
concomitant immunity and reproductive senescence with respect to other potential hypotheses about
the mechanisms driving epidemiological patterns.
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