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Abstract

Many viruses, including human norovirus and influenza, cause self-limiting diseases of short duration. However, infection
by the same viruses in an immunocompromised host can result in prolonged illness in the absence of effective treatment.
Such persistent infections are often characterized by increased genetic diversity with potentially elevated rates of evolution
compared to acute infections, leading to suggestions that immunocompromised hosts represent an important reservoir for
the emergence of novel viral variants. Here, we develop a mathematical model that combines epidemiological dynamics
with within-host evolution to quantify the relative contribution of immunocompromised hosts to the overall rate of patho-
gen evolution. Using human norovirus as a case study we show that the majority of evolutionary substitutions are expected
to occur in acute infections of immunocompetent hosts. Hence, despite their potential to generate a high level of diversity,
infections of immunocompromised hosts likely contribute less to the evolution and emergence of new genetic variants at
the epidemiological scale because such hosts are rare and tend to be isolated. This result is robust to variation in key param-
eters, including the proportion of the population immunocompromised, and provides a means to understand the adaptive
significance of mutations that arise during chronic infections in immunocompromised hosts.
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1. Introduction

Viral infections are typically described as being of either short
(acute) or long (chronic) duration representing fundamentally
different types of virus-host interaction. However, there is in-
creasing evidence that individuals whose immune systems are
compromised can shed what are normally considered acute vi-
ruses for far longer time periods. Important examples are pro-
vided by RNA viruses such as influenza A virus (Pinsky et al.
2010; van der Vries et al. 2013), rhinovirus (Kaiser et al. 2006),
and poliovirus, where, remarkably, chronic infections of up to
28 years have been reported (Dunn et al. 2015). As well as its ob-
vious clinical importance, such chronic shedding of normally
acute viral infections may have major implications for virus
evolution and emergence, including the generation of antigenic
variation (McMinn et al. 1999; Debbink et al. 2014), drug resis-
tance (Memoli et al. 2010; Rogers et al. 2015), and even novel
emerging viruses (Weiss 2001).

Noroviruses (NoVs; family Caliciviridae) are also considered
‘acute’ pathogens that cause sporadic and epidemic gastrointes-
tinal infections in humans (Siebenga et al. 2009). While the ma-
jority of NoV infections are mild and self-limiting with
symptoms lasting for 1-3 days (Lopman et al. 2004), infection
within an immunocompromised host can result in severe and
prolonged illness, where the infection persists for months to
years without intervention [reviewed in (Bok and Green 2012)].
Chronic NoV infections have been described in a range of clini-
cal settings and immunodeficiency types including individuals
with cancer (Ludwig et al. 2008; Capizzi et al. 2011; Ronchetti
et al. 2014), HIV/AIDS (Cunningham et al. 1988; Cegielski et al.
1994; Wingfield et al. 2010), congenital conditions (Gallimore
et al. 2004; Bull et al. 2012; Frange et al. 2012), and also deficien-
cies associated with immunosuppressive therapy in hematopoi-
etic stem cell or solid organ transplant recipients (Lee et al.
2008; Roddie et al. 2009; Schorn et al. 2010; Boillat Blanco et al.
2011; Aulagnon et al. 2014; Salvador et al. 2014).

A common feature of prolonged NoV infections are high
rates of evolution with exceptional viral diversity when com-
pared to acute infections ( Nilsson et al. 2003; Carlsson et al.
2009; Bull et al. 2012; Hoffmann et al. 2012). This has led to sug-
gestions that immunocompromised individuals with chronic
NoV infections could act as reservoirs for the emergence of
novel variants that have significantly diverged to escape herd
immunity (Sukhrie et al. 2010; Vega et al. 2014; Karst and Baric
2015). Supporting this notion is that the genetically diverse vari-
ants produced during these chronic infections have been shown
to be antigenically variable (Debbink et al. 2014). This is also the
case for influenza virus, where antigenic variation generated
within a chronically infected, immunocompromised host mim-
icked that observed in the wider-community of circulating
strains at epidemiological scales (McMinn et al. 1999).
Additionally, such patients have been a source for the rapid
emergence of drug resistance variants (Memoli et al. 2010;
Rogers et al. 2015). More generally, it has been proposed that be-
cause of their severely weakened immune systems, AIDS pa-
tients could be an important driver of the emergence of viruses
in general, allowing novel pathogens to more easily acquire the
suite of mutations necessary to adapt to a new human host
(Weiss 2001).

Despite the potential importance of extended periods of rep-
lication in immunocompromised hosts to viral evolution and
emergence, to date there has been no work to address these key
issues quantitatively. Additionally, from a phylodynamics per-
spective (Grenfell et al. 2004), there is clearly a need to develop

models that fully integrate the dynamics of evolutionary change
at different scales. In particular, it is important not only to
define pathogen evolution at the level of individual hosts (intra-
host), and in multiple hosts at the epidemiological scale (inter-
host), but also to link these scales in a quantitatively rigorous
manner (Peck et al. 2015). Furthermore, phylodynamic models
need to better account for the complexity of host factors, partic-
ularly immune status, that contribute to variation in the natural
history of infection and ultimately to different trajectories of
pathogen evolution. Indeed, as the immune response may be a
major selective pressure shaping intra-host pathogen evolution,
it is unsurprising that removing these selective barriers, as in
immunocompromised hosts, would significantly impact the
pattern and dynamics of pathogen evolution.

To determine how viral evolution in immunocompromised
hosts may impact larger-scale viral evolution and emergence
we developed a mathematical model based on the standard epi-
demiological categorization of susceptible, infected and recov-
ered individuals (i.e. the SIRS model) (Anderson and May 1991)
that, importantly, incorporates measures of pathogen evolution
to reveal the relative contribution of immunocompromised
hosts to the overall pathogen evolution. We apply this model to
human NoV as a real data example, and demonstrate that de-
spite the apparent capacity for immunocompromised hosts to
generate significant diversity during infection, the relative isola-
tion and rarity of such hosts in the community limits their im-
pact on NoV evolution and epidemiology. This model provides a
generalizable framework for estimating the influence and inter-
actions across different scales of pathogen evolution.

2. Models and methods

To measure the contribution of rapidly evolving pathogens in
chronically infected, immunocompromised hosts to the overall
dynamics of pathogen evolution, we constructed a mathematical
model with two major components. First, the between-host dy-
namics of the pathogen were modeled using a standard SIRS
model of an epidemic in a closed population with a small propor-
tion of immunocompromised hosts. The SIRS model determines
the equilibrium numbers of new cases in immunocompromised
and immunocompetent hosts per unit time as a function of the
epidemiological parameters. Second, these infection rates were
combined with the nucleotide substitution rate of the pathogen in
each host subpopulation to determine the subpopulation-level
nucleotide substitution rates. The ratio of these quantities was
then used to measure the relative contribution of pathogen popu-
lations in each host subpopulation to the overall pathogen
evolution.

2.1 The epidemiological model

We consider a population of constant size N with a constant
proportion ¢ of immunocompromised individuals where there
are no births or deaths and infection does not kill hosts so that
all cases recover, become immune and then susceptible to rein-
fection. For convenience, the complementary proportion 1 — cis
referred to as the ‘general’ subpopulation that we assume occu-
pies the same area of constant size as the immunocompro-
mised subpopulation. Let S, I, and R., be the numbers of
susceptible, infectious, and recovered individuals, respectively,
who are immunocompromised at time t, and let S, I, R, be
the corresponding numbers for the general subpopulation at
time t. Let f, 7, and 0. be the transmission, recovery, and loss
of immunity rates for immunocompromised people who can
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become chronically infected with the pathogen, and let §, y, and
0 be the transmission, recovery and loss of immunity rates for
the general subpopulation. In the Supplementary Material, Part
A, we also consider a single outbreak model where reinfection is
not possible and so 0 = 0. = 0.

Importantly, within the context of this model, we define ‘im-
munocompromised hosts’ as those with more severe immuno-
deficienies, and hence that proportion of the population who
are more likely to result in long-term chronic infections by typi-
cally acute pathogens. As many of these immunocompromised
individuals will be isolated within the community or in a hospi-
tal, the model also considers the effects of ‘quarantining’ a pro-
portion q of immunocompromised individuals through
reducing the infection rates in both the general and immuno-
compromised subpopulations.

The dynamics are governed by the following differential
equations:

% = BS(I+ (1 - q)L)/N — 91, (12)

‘;_l: =1 — OR, (1b)

% _ S q)(IIq+ A=al)_ (10)
% = 9Ic — OR., (1d)

where S=(1—c¢)N—I—-Rand S, =cN — I, — R.. From this model,
the basic reproductive number was calculated using the next
generation method (see the Supplementary Material, Part B) as

@

When this quantity is less than unity, the disease-free equi-
librium is stable; otherwise at equilibrium the pathogen is en-
demic in the host population (van den Driessche and
Watmough 2002). This model can be rescaled to:

g_i:m”_ J (1—i—r)<i+%ic> -1, (3a)
dar . 0
&=i-n (3b)
dic 7y (pec(l— : i 1-9. i 1
d—iz%(%(lflcfrc)(é(l_%w ic ) *1c>7 (39)
%:%(icffirc) (3d)

where I =i(1—-¢)N,R=r(1—-c)N, I. =icN, R =1.cN, and t = t/y.
The initial conditions are S(0)=(1-c¢)N-1, I(0)=1, and
S¢(0) = cN with all other variables set to zero.

From this, six dimensionless quantities were derived that
are relevant to the dynamics of this epidemiological model: (1)
the ratio of infection duration (y./y), (2) the ratio of the initial
susceptible fraction of hosts ((1—q)c/(1—c)), (3) the expected
number of secondary cases in the general population due to an
infected host in the general population (8(1 —c)/y), (4) the ex-
pected number of secondary cases in the immunocompromised
population due to an infected immunocompromised host
(Bc(1=q)?/70), (5) the ratio of duration of infection to the
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duration of immunity for the general (0/y), and (6) immunocom-
promised populations (6c/7).

Finally, we let I, R.,and S. be the equilibrium number of im-
munocompromised people infected with, immune to and suscepti-
ble to being infected by the pathogen, respectively, and I, R, Sbe
the equilibrium numbers for all other people when the pathogen is
endemic. These can be found by either solving the differential
Equations (1) when dI/dt = dR/dt = dI./dt = dR./dt = 0, or by nu-
merically solving the system of equations, and are functions of the
six epidemiological parameters of the model (that is, 7./7,
(1-9)/(1~0), fL—)/n b1~ a)*/7c, 0/7, Oc/7.). These deter-
mine the numbers of new infections per unit time at endemic
equilibrium in the general and immunocompromised populations:

Bliva-qi)=si=ro, (4a)
@ (j + (1 - q)ic ) = }'cic = OCRC- (4b)

2.2 Incorporating rates of pathogen nucleotide
substitution into the model

We next considered the evolution of the pathogen within this
epidemiological system. To measure the relative contribution
by each subpopulation (general and immunocompromised) to
the overall evolution of the pathogen we determined a relative
substitution rate (at the population level) at endemic equilib-
rium in the immunocompromised subpopulation when com-
pared to the general subpopulation, K.. If this quantity is much
less than unity (K. < 1), then we can infer that persistently in-
fected immunocompromised hosts do not make a significant
contribution to pathogen evolution. In contrast, if this quantity
is of the order of unity or above, then we can suppose that im-
munocompromised hosts play a key role in pathogen evolution.
If k and k. are the rates of pathogen nucleotide substitution per
unit time within hosts in the general and immunocompromised
subpopulations, respectively, then since the durations of
infection are 1/y and 1/y. for the two subpopulations, the
population-level relative substitution rate at endemic equilib-
rium is:

_ kcyﬁc(l - q)éc(j + (1 - q) jC)/N _ kcic
RicfS(I+(1—q) 1)/N R

®)

C

This quantity is linearly dependent on the relative rate of
nucleotide substitution (k./k), as well as the number of hosts in-
fected with the pathogen in the general and immunocompro-
mised populations at endemic equilibrium (I and I.). The
analytical expressions of I and I, are complex so we do not re-
produce them here. However, they depend on the six epidemio-
logical parameters of the model (that is, y./7, ¢(1-q)/(1-0),
B —-¢c)/y, Bc(l— q)2 Ve, 0/y, and 0./y.). Importantly, this sug-
gests the combinations of parameters to vary when considering
the sensitivity of K. to uncertainty in parameters.

When the proportion of immunocompromised hosts is small
(c < 1) we can approximate K. by a Taylor expansion around the
point ¢ = 0 (see the Supplementary Material, Part C) as

Kc:k;_;cu@)((l_%) (j . j) - q))l. .
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Hence, when the proportion of immunocompromised hosts
c is small, K, is proportional to c. The quantity K. is also an in-
creasing function of the duration of infection in immunocom-
promised hosts l The above equation shows that as
parameters for immunocompromised hosts approach those of
the general population K. approaches c(k./k) as expected.

Implicit in our modeling framework is that there is no selec-
tive advantage of novel genetic variants [i.e. they do not alter
pathogen dynamics described by Equation (1)] and that
immunocompromised hosts are just as likely as the general
population to generate viable variants. While it may be more re-
alistic that immunocompromised hosts have a reduced capacity
to select for immune escape variants than hosts of the general
population given that immune pressure is less, it is difficult to
measure effects of individual mutations without considering
their phylogenetic context. Therefore, for this particular model,
we consider all the nucleotide substitutions that occur through
the epidemic to be effectively neutral.

To calculate the population-level relative substitution
rate under the single-outbreak model (described in the
Supplementary Material, Part A) we used the final numbers of
infections in the general and immunocompromised popula-
tions, w and o, in place of the numbers of new infections per
unit time at endemic equilibrium so that:

kewey

Ko =27 )

ko,

These ‘attack rates’, w and ., can be found by numerically
solving the system of differential Equations (1) with 0 = 6. = 0.
We note that in a standard SIR model, if the attack rate () is
known, then the basic reproductive number (Ro) can be esti-
mated from the final size equation:

1— /N = e Roo/N, 8)

2.3 Application of model to NoV epidemiology
and evolution

Next, as a case study, we apply our model to human NoV infec-
tions, and particularly, the GII.4 viruses, which are the predomi-
nant cause of acute gastroenteritis in both a sporadic and
outbreak setting globally (Siebenga et al. 2009). Critical parame-
ters such as 7, y., Ro, 0, 0c, k and k. were estimated directly from
the literature on NoV evolution and epidemiology. First, we can
derive y and y, from the average duration of illness (or infection).
In a healthy host, NoV causes an infection with a symptomatic
period of approximately two days (Lopman et al. 2004), although
viral shedding will continue for a further two to four weeks
(Tu et al. 2008; Aoki et al. 2010). Given that most transmission
will occur when the host is symptomatic and the viral load is
high, we used a value of seven days for the duration of infection
(1/7) for the general population. In contrast, for an immunocom-
promised host, the infection will generally persist until the im-
mune status has been restored, so that infections can last for
months or even years ( Nilsson et al. 2003; Carlsson et al. 2009;
Boillat Blanco et al. 2011). Consequently, the duration of infec-
tion in the immunocompromised population (1/7.) is expected
to be longer and more variable, and in our model we explored
this parameter using values ranging from 7 days to twelve
months.

For the basic reproductive number (Ro), a previous model of
NoV epidemiology used values of 1.64, 3.28, and 4.92 to

represent low-, medium-, and high-transmission settings, re-
spectively (Lopman et al. 2014). Here, we used the more conser-
vative Ry value of 1.64 (range: 1-4.5), which corresponds to a
final attack rate of 67% [according to Equation (8)] as it is largely
consistent with reported primary attack rates for NoV outbreaks
(Matthews et al. 2012). In our model, we use Rg to calculate the
transmission rates for the general and immunocompromised
populations by assuming that 8, = § so that

Ropye
e e

[according to Equation (2)]. We explored the effects of varying
the quarantine parameter (q) with values of 0.1, 0.5 and 0.9.

Third, for estimates of substitution rates, most studies of
NoV evolution report population level (i.e. epidemiological
scale) rates of between 2 and 4 x 10> nucleotide substitutions
per site per year (subs/site/year) depending on the strain, gene,
and method used for analysis (Bok et al. 2009; Bull et al. 2010).
Therefore, we used a substitution rate for our general subpopu-
lation (k) of 3 x 10~ subs/site/year (range: 2-4 x 10> subs/site/
year). In immunocompromised hosts, rates of NoV evolution
are generally greatly elevated compared to a typical infection in
a healthy host, with rates reported between 1.85 and 2.66 x 102
subs/site/year in the viral capsid gene (Nilsson et al. 2003;
Carlsson et al. 2009; Hoffmann et al. 2012). However, in such
hosts, pathogens are likely subject to weaker immune selection
pressure such that it seems reasonable to expect that they will
not commonly generate immune escape variants. Hence, we
are interested in the case where immunocompromised hosts
can conceivably generate epidemiologically important variants
due to genetic drift, immune pressure operating at a low level,
and high rates of viral evolution so that the within-host substi-
tution-rate ratio (k./k) is non-zero. Accordingly, we explored
this parameter using four values of 0.1, 1, 5, and 10,
respectively.

Fourth, 0 and 0. can be derived from the average duration of
immunity, which for NoV has not been well-defined. Early vol-
unteer studies suggested protective immunity may last from
2months to 2years (Parrino et al. 1977). Using a NoV transmis-
sion modeling approach, it was estimated that the mean dura-
tion of immunity ranged from~4 to 8years (Simmons et al.
2013). To bridge some of this uncertainty, we used a mean value
of 3years (range: 2.0-4.0years) for the duration of immunity
(1/0) for the general subpopulation. In contrast, the duration of
immunity in the immunocompromised subpopulation (1/6.) is
likely to be much shorter and immunity may even be non-exis-
tent in these hosts. We explored these two scenarios by using
the values of 2 years (to represent a short duration of immunity)
and 3 days (to represent no immunity), respectively.

Finally, to estimate the proportion of the population that
were severely immunocompromised (c), we based our values on
a review of data from the United States that measured the risk
of serious influenza-associated complications in immunosup-
pressed populations; this estimated that there were approxi-
mately 3.5 million immunocompromised individuals present in
the US, or ~0.01 of the total population (Kunisaki and Janoff
2009). Importantly, this included many groups at risk of chronic
NoV infections such as HIV/AIDS and transplant patients, as
well as newly diagnosis case of hematological and invasive
solid-organ cancers. Hence, this definition deliberately focuses
on patients with more severe immune deficiencies, that are
more likely to host the complex chronic infections with acute
viruses described here (i.e. infections measured in months and
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Table 1. Model parameter estimates for NoV.
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Symbol Parameter Estimates considered

1/y Infection duration, general 7 days

1/7. Infection duration, immunocompromised 7 days-12 months

ke/k Substitution rate ratio 0.1,1,5,10

1/0c Immunity duration, immunocompromised 3 days and 2 years

q Quarantine parameter 0.1,0.5,and 0.9

N Population size 10°

Symbol Parameter Mean/mode Lower bound Upper bound
Ro Basic reproduction number 1.64% 1 4.5
1/0 Duration of immunity, general 3 2 4

k Substitution rate, general 0.003 0.002 0.004
c Proportion immunocompromised 1072 107* 1072

#Corresponds to an attack rate of 67%.

years with significantly increased viral diversity), rather than
simply any host with a weakened immune system such as the
young, pregnant women and the elderly (Simon et al. 2015).
Still, as this definition of immunocompromised is broad, we set
this as the upper bound of our model and instead chose a mid-
dle value for c of 0.001 (range: 0.0001-0.01). All of the key param-
eter values used for the analysis of NoV evolution are
summarized in Table 1.

2.4 Sensitivity analysis

To determine how robust our results are to variation in parame-
ter values, particularly those with the greatest uncertainty, a
sensitivity analysis was performed by sampling 1,000 points in
the parameter space using the Latin Hypercube Sampling
method (Blower and Dowlatabadi 1994). Parameters were sam-
pled from either a triangular, normal, or log normal distribution.
Specifically, the basic reproductive number for the general pop-
ulation (Ro) was sampled from a triangular distribution with
mode 1.64, lower bound 1, and upper bound 4.5; the proportion
of the population immunocompromised (c) was sampled from a
log normal distribution of base 10 with log,,(mean) = —3 and
log,,(standard deviation) = 0.3; the duration of immunity in
the general population (1/6) was sampled from a triangular dis-
tribution with mode 3, lower bound 2, and upper bound 4; while
the general population nucleotide substitution rate (k) was sam-
pled from a normal distribution with mean 0.003 and standard
deviation 0.0003. All other parameters were held constant
(Table 1).

3. Results

3.1 Numerical results for model of NoV evolution in
immunocompromised hosts

The mathematical model developed here suggests that there are
seven key biological parameters that govern the contribution of
immunocompromised hosts to the overall pathogen evolution.
These are: (1) the ratio of the initial susceptible fraction of hosts
(1 —q)c/(1—c)), (2) the ratio of infection duration (y./y), (3) the
expected number of secondary cases in the general population
due to a host in the general population (5(1—c)/y), (4) the ex-
pected number of secondary cases in the immunocompromised

population due to an immunocompromised host (8.c(1 — q)?/7.),
(5) the ratio of duration of infection to the duration of immunity
for the general (0/7), () immunocompromised populations
(0c/7c), and (7) the relative rate of nucleotide substitution (k./k).
Here, we have applied this model to the case study of human
NoV infections.

To investigate the effects of these parameters on the relative
population-level substitution rate (K.), we plot K. as a function
of model parameters (Fig. 1 and Supplementary Material,
Fig. C1). In this analysis, we map two key parameters to the
value of K., while holding all other parameters constant with
the best estimates for each of the key parameters identified
with a red diamond. From this, it is clear that K. increases as
the ratio of the initial fraction of susceptible hosts
[(1—=q)c/(1 - c)] increases (Fig. 1a), the relative duration of infec-
tion (y./y) decreases (Fig. 1a), and the relative nucleotide substi-
tution rate (k./k) increases (compare Fig. 1 where k./k =1 and
Supplementary Material, Fig. D1 where k./k = 5). Additionally,
K. was found to increase when the expected number of second-
ary cases in the immunocompromised population due to a host
in the immunocompromised population (B.c(1—q)%/7) in-
creases (Fig. 1b), and the expected number of secondary cases in
the general population due to a host in the general population
(B(1 —c)/y) decreases (Fig. 1c). K. also increases as the ratio of
duration of infection to the duration of immunity for the gen-
eral population (0/7) decreases (Fig. 1b), although if the expected
number of secondary cases in the immunocompromised popu-
lation due to a host in the immunocompromised population
(Bec(1 = q)?/7.) is very small, 0/y appears to have a minor effect
on K.. Similarly, if the expected number of secondary cases in
the general population due to a host in the general population
(B(1 —c)/y) is small enough, increasing the ratio of duration of
infection to the duration of immunity for the immunocompro-
mised populations (./y.) acts to increase K. (Fig. 1c); otherwise
0c/7. appears to have a minor effect on K.. These results are
reinforced by the linear approximation of K. around the point
¢ =0 [Equation (6)].

In sum, our model shows that the contribution of immuno-
compromised hosts to the overall evolution of NoV increases as
the nucleotide substitution rate (k.) increases, the level of their
quarantining (q) decreases, their population fraction increases
(c), their duration of infection (1/y.) increases, and their duration
of immunity (1/0.) decreases. Importantly, when we consider
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Figure 1. Model estimates for the contribution of immunocompromised hosts to NoV evolution. The relative substitution rate (at the population level) in the immuno-
compromised population versus the general population K. when k./k =1 and N = 10° (a) Ro = 1.64, 1/0. = 3 days, 1/y =7 days, c = 0.001, 1/0 = 3 years, k = 0.003,
1/y. € [1/12,1] years, and q € [0,1]; (b) Ro = 1.64, 1/0. =3 days, 1/y =7 days, c¢=0.001, 1/5. =1 year, k=0.003, 1/0 € [2,4] years, and q < [0,1]; (c) Ro = 1.64,
1/0 =3 years, 1/y =7 days, c=0.001, 1/y. =1 year, k=0.003, 1/0. € [3 days,3 years|, and q € [0,1]. Red diamonds represent the best estimates of the parameters in
the parameter space considered. The black lines correspond to the contours K. = 0.01, 0.05, 0.1.
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Figure 2. Sensitivity analysis of model parameters. Frequency distributions of the relative nucleotide substitution rate at the population level in the immunocompro-
mised population compared to the general population (K.) from sampling 1000 points of the parameter space using Latin Hypercube Sampling. Panels (a—c)
1/7. =1month; Panels (d-f) 1/y. = 12 months. Panels (a,d) q = 0.1; Panels (b,e) q = 0.5; Panels (c,f) g = 0.9. In all cases, 1/y = 7 days, N = 10°, 1/0. = 3 days, and k. /k = 1.

the best estimates of our model parameters, the relative
population-level substitution rate in the immunocompromised
subpopulation versus the general subpopulation is less than
0.07 when k./k < 1, indicating that immunocompromised hosts
will have a limited impact on the overall evolution of NoV at ep-
idemiological scales unless their within-host substitution rate
is much larger than that in other hosts. Hence, our results sug-
gest that the rarity and isolation of immunocompromised hosts
prevents them from substantially contributing to pathogen
spread and evolution despite their increased duration of infec-
tion, reduced duration of immunity, and increased rates of evo-
lution (Fig. 2).

3.2 Sensitivity analysis

To determine how robust our results are to any variation in key
model parameters (R, ¢, 1/0, and k), we performed a sensitivity
analysis, which outputs a frequency distribution rather than
one outcome for the relative population-level substitution rate
in the immunocompromised subpopulation versus the general
subpopulation (K.). For each simulation, all other parameters
were held constant as per the values shown in Table 1.

A selection of the resulting frequency distributions for K, all of
which are skewed to the right, are shown in Fig. 2 and
Supplementary Material, Fig. E2 for given values of the quarantine
parameter (q), duration of infection for immunocompromised
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Figure 3. Sensitivity analysis of model parameters. The mean relative nucleotide substitution rate at the population level in the immunocompromised population com-
pared to the general population (K.) (from sampling 1000 points of the parameter space using Latin Hypercube Sampling) as a function of the duration of infection in
immunocompromised hosts (1/7.), for a range of values of the quarantine parameter (q), and the ratio of substitution rates (at the individual host level) (k./k). (a) SIRS
model with 1/0. = 3 days and N = 10°; (b) SIRS model with 1/0, = 2 years and N = 10°. Blue lines with square markers indicate k./k = 10, red lines with diamond
markers k./k = 1, and black lines with circle markers k./k = 0.1. Dotted lines indicate q = 0.1, dashed lines q = 0.5 and solid lines q = 0.9. Here 1/y = 7 days.

hosts (1/y.), and the relative nucleotide substitution rate (k./k).
The corresponding mean values ((K.)) are shown as a function of
1/y., for q=0.1, 0.5, 0.9, k,/k=0.1, 1, 10, and 1/0. =3 days
and 2years in Fig. 3 and Supplementary Material, Fig. E3. As ex-
pected, the ratio k./k has a linear effect on the mean values (K.),
while the order of magnitude of (K.) ranges from 0.0003 to 0.1
when k./k =1 and 1/0. = 3 days (Fig. 3a), and 0.0003-0.06 when
ke/k =1 and 1/60. = 2 years (Fig. 3b). Hence, varying the four pa-
rameters Ro, ¢, 1/0 and k does not appear to raise the order of
magnitude of the mean relative population level substitution rate
to unity or above if k./k < 1. In fact, this only occurred when we
considered the extreme parameter values of k./k=10,
1/7. = 12 months, 1/0. = 3 days and q = 0.1 (Fig. 3a).

To determine how large the immunocompromised popula-
tion needs to be to raise the mean relative population level sub-
stitution rate to unity or above, we performed additional
sensitivity analyses holding the proportion of immunocompro-
mised hosts () fixed at c=10"*10"2102% and 10°'. The
results are presented in Fig. 4 and show (K.) as a function of c,
for ¢=0.1, 05, 09, k/k=0.1, 1, 10, 1/0.=3 days, and
1/7. =1month and 12 months. These panels confirm robustness
of the linear relationship between c¢ and K. as given by the
Taylor series approximation in Equation (6). When k./k =10,
c needs to be greater than 107> to push (K.) > 1, while if ke /k = 1,
c needs to be greater than 10 %, and greater than 10! if
ke/k = 0.1. If we restrict the results to those corresponding to
high levels of quarantining of immunocompromised hosts
(9 =0.9), or to those corresponding to a shorter duration of in-
fection for immunocompromised hosts (1/y. =1month) then
these limits increase by an order of magnitude. Considering a
longer duration of immunity for immunocompromised hosts
(1/6.) further increases the value of ¢ needed to achieve (K.) > 1
(results not shown).

In the Supplementary Material, Part D and E, we provide ex-
tended outputs for K, as well as extra sensitivity analysis de-
tails and results including when 0. = 0 = 0. These results show
that the SIRS model and SIR model behave similarly when the
duration of immunity for the general and immunocompromised
populations are both large.

4. Discussion

Understanding the epidemiological and evolutionary dynamics
of pathogens requires analytical frameworks that account for
the complexities of their interactions with hosts. Herein, we ad-
dress one such interaction: how the extended replication of nor-
mally acute viral infections in immunocompromised hosts may
impact viral evolution and emergence. We achieve this through
the development of a mathematical model (presented as a
graphical heuristic in Fig. 5) that incorporates nucleotide substi-
tution rates to measure the relative contribution of subpopula-
tions to the overall dynamics of pathogen evolution at the
epidemiological scale.

Using our model with the case study of human NoV infec-
tions we evaluated the impact of rapidly evolving, persistent vi-
ral populations in immunocompromised hosts to its overall
evolutionary dynamics. At face value, the greatly elevated rate
of nucleotide substitution of NoV within chronically infected
immunocompromised hosts, combined with their characteristi-
cally long duration of infection, suggests that these hosts may
be an important reservoir for novel viral variants (Sukhrie et al.
2010; Vega et al. 2014; Karst and Baric 2015). However, our nu-
merical analysis using estimates derived from real data clearly
shows that immunocompromised hosts do not significantly
contribute to the overall rate of evolution for NoV at epidemio-
logical scales, even when allowing for small quarantining ef-
fects, and with a variety of parameter values as reflected in the
sensitivity analysis (Figs 2—4). Hence, despite an increased rate
of nucleotide substitution and an extended duration of infec-
tion, the rarity of immunocompromised hosts in the population
limits their influence to broader NoV dynamics, which are still
dominated by the lower evolutionary rates apparent in the gen-
eral population.

These results help resolve uncertainty with respect to the
impact of these novel, chronic NoV infections in immunocom-
promised hosts to broader dynamics of a pathogen that other-
wise cause an acute infection. The capacity for severely
immunocompromised hosts to generate genetically complex
and diverse viral populations does not necessarily exclude
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Figure 4. Sensitivity analysis of model parameters. The mean relative nucleotide substitution rate at the population level in the immunocompromised population com-

pared to the general population (K.) (from sampling 1000 points of the parameter space using Latin Hypercube Sampling) as a function of the proportion of immuno-
compromised hosts (c), for a range of values of the quarantine parameter (q), and the ratio of substitution rates (at the individual host level) (k./k). (a) SIRS model with
1/7. = 1 month and N = 10°%; (b) SIRS model with 1/y, = 1 year and N = 10°. Blue lines with square markers indicate k./k = 10, red lines with diamond markers k./k = 1,

and black lines with circle markers k./k = 0.1. Dotted lines indicate q = 0.1, dashed lines q = 0.5 and solid lines q = 0.9. Here 1/y
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Figure 5. Heuristic representation of the model results. Due to the small size of
the subpopulation, immunocompromised hosts do not significantly contribute
to the evolution of the pathogen, despite their higher molecular-substitution
rate and longer infection durations.

them as a reservoir population for the emergence of novel vari-
ants; however, our results suggest that their impact is much
less in relative terms than the weight of typical acute infections
in otherwise healthy hosts that dominate the infected popula-
tion. Indeed, in the case of NoV, the perceived lack of evolution-
ary ‘intermediates’ in phylogenies of pandemic GII.4 viruses,
which are characterized by the rapid emergence of genetically
distinct (i.e. an average 5% amino acid divergence in the VP1
capsid protein) and antigenically novel viruses (Kroneman et al.
2013), has led to suggestions that immunocompromised hosts
play a key role as a ‘source’ population. There is, however, no
clear evidence to support this hypothesis, as no GIL.4 lineages
appear to have arisen and spread in the population from a
chronically infected, immunocompromised host, although the
available sample is admittedly small. In addition, the observed
evolutionary pattern of NoV at epidemiological scales can be ex-
plained by other factors within the typical acutely infected, im-
mune competent population. For example, the pace with which

=7 days and 1/0, = 3 days.

novel variants emerge could be dominated by the strong and
rapid influence of positive selection for variants that carry mu-
tations capable of escaping herd immunity. Similarly, the ge-
netic ‘gaps’ between different GII.4 variants may be explained
by widespread recombination among circulating lineages
(Eden et al. 2013) and inadequate global sampling. Indeed, both
rapid positive selection and recombination were central to the
emergence of the most recent pandemic GII.4 variant, known as
Sydney 2012 (Eden et al. 2014).

Although our model has been applied to the specific exam-
ple of human NoV infection, with suitable virus-specific modifi-
cations it may be informative in measuring the relative
contribution of subpopulations characterized by greatly differ-
ent durations of infection and substitution rates to the epidemi-
ological scale of pathogen evolution in other acute RNA viruses.
Indeed, our sensitivity analysis reveals that this model is robust
to the proportion of immunocompromised hosts and how they
interact with the general population. In this context, it is impor-
tant that our modeling set an upper limit of 1% for the propor-
tion of immunocompromised hosts (c), which may be
conservative according to some broader definitions of ‘immu-
nocompromised’ that include the whole spectrum of severity.
However, there is still little data on those individuals with se-
vere immunodeficiencies who are chronically infected with typ-
ically acute viruses that enable us to provide more precise
model parameterization.

There are also obvious areas where our model could be im-
proved and extended, and importantly, provide a means to fur-
ther test the robustness of the NoV-specific conclusions
presented here (Ganusov 2016). First, we assume that all substi-
tutions that occur in both the general and immunocompro-
mised populations are of equal fitness, and do not adapt over
the time-scale of sampling so as to impact epidemiological pa-
rameters. Hence, the progress of an epidemic is not directly
influenced by the substitutions that accumulate under our
model. Similarly, we do not assess any competition between
any variants that arise during our simulated epidemics, there-
fore cross-immunity is not considered. While it may be more re-
alistic that adaptive, immune escape variants are less likely to
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emerge in immunocompromised hosts, it is impossible to weigh
the effects of any adaptive substitutions in this model, and in
our model we focus on the appearance of new genetic variants
in a heterogeneous host population, but not on the subsequent
dynamics of those new variants. Second, we do not account for
detailed host population structures that do exist in an institu-
tional setting like hospitals and nursing homes, and may act as
hubs for transmissions between immunocompromised patients
and subsequently increase their relative contribution. Instead,
we assume population homogeneity with respect to transmis-
sion, for both healthy and immunocompromised hosts, and
that contact rates are only influenced by any quarantining ef-
fects. Third, we assume equal underlying transmission rates for
each of our subpopulations. Transmission rates may depend on
within-host dynamics (Antia et al. 1994) but here we instead
modify transmission through a parameter that measures
quarantining effects. Future developments could extend the
model by including details of within host dynamics and the re-
lationship between pathogen load and transmission. Fourth, in-
corporating the dynamics of transmission and the effects of
strong genetic bottlenecks on the passage of substitutions be-
tween hosts may be of importance, particularly in typical acute
infections. For NoV, one study has suggested that only a single
minor variant establishes infection at transmission; however,
the sample of this study was very small and further work is
needed to confirm if such a strong transmission bottleneck is
commonplace in nature (Bull et al. 2012). Finally, we have only
considered the evolutionary dynamics within a closed popula-
tion. A more realistic model could incorporate the birth and
death of hosts and perhaps mutations that affect the course of
and future epidemics.

In conclusion, our model shows, at least in the case of hu-
man NoV infection, that despite the apparent capacity of immu-
nocompromised hosts to generate significant diversity during
infection through increased rates of evolution and duration of
infection, the relative isolation and rarity of such hosts limits
their impact on the broader evolution and epidemiology of
pathogens. Although the study of viral evolution in immuno-
compromised hosts may help reveal key aspects of the intimate
relationship between hosts and their pathogens, we suggest
that such individuals play only a minor role in shaping large-
scale evolutionary patterns and processes.
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