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Abstract

Pathogen strains may differ in virulence because they attain different loads in their hosts, or because
they induce different disease-causing mechanisms independent of their load. In evolutionary ecology, the
latter is referred to as ”per-parasite pathogenicity”. Using viral load and CD4+ T cell measures from
2014 HIV-1 subtype B infected individuals enrolled in the Swiss HIV Cohort Study, we investigated
if virulence — measured as the rate of decline of CD4+ T cells — and per-parasite pathogenicity are
heritable from donor to recipient. We estimated heritability by donor-recipient regressions applied to 196
previously identified transmission pairs, and by phylogenetic mixed models applied to a phylogenetic tree
inferred from HIV pol sequences. Regressing the CD4+ T cell declines and per-parasite pathogenicities
of the transmission pairs did not yield heritability estimates significantly different from zero. With the
phylogenetic mixed model, however, our best estimate for the heritability of the CD4+ T cell decline
is 17% (5%-30%), and that of the per-parasite pathogenicity is 17% (4% 29%). Further, we confirm
that the set-point viral load is heritable, and estimate a heritability of 29% (12%-46%). Interestingly,
the pattern of evolution of all these traits differs significantly from neutrality, and is most consistent
with stabilizing selection for the set-point viral load, and with directional selection for the CD4+ T cell
decline and the per-parasite pathogenicity. Our analysis shows that the viral genetype affects virulence
mainly by modulating the per-parasite pathogenicity, while the indirect effect via the set-point viral load

is minor.
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Introduction

The virulence of an infection is determined by
both, the host and the pathogen. One of the most
common modulators of virulence is the pathogen
load. Higher load often leads to more morbidity,
or to faster disease progression or death. Similar
to virulence, the load that a pathogen strain
attains is also determined by both, the host
and the pathogen. In evolutionary ecology, hosts
that limit virulence by reducing pathogen load
are called “resistant”, and pathogen strains that
attain a high load in their hosts are often termed
“virulent”.

But virulence is not completely determined by
the pathogen’s load alone. There are pathogen-
load-independent components, which are again
influenced by the host and the pathogen. A host
that suffers less than average from being infected
by a pathogen and carrying a specific load is called
“tolerant” (Ayres and Schneider, 2012; Boots,
2008; Boots et al., 2009; Caldwell et al., 1958;
Little et al., 2010; Medzhitov et al., 2012; Raberg,
2014; Raberg et al., 2007, 2009; Read et al.,
2008; Schafer, 1971; Schneider and Ayres, 2008).
A pathogen strain that causes less than average
virulence attaining a specific load is said to have
a low “per-parasite pathogenicity” (Raberg, 2014;
Raberg and Stjernman, 2012). Fig 1A displays

these virulence components diagrammatically.

How can pathogen-load-independent
components of virulence be determined? To
identify these components, “excess virulence”
needs to be measured, i. e. by how much virulence
differs from what is expected for a specific
pathogen load. Statistically speaking, “excess
virulence” is the residual virulence after adjusting
for differences in pathogen load. This adjustment
can be visualized on fitness-versus-pathogen-load
plots (Fig 1B). On such a plot, host types
with differing levels of disease tolerance are
characterized by different tolerance curves that
depict the relationship between virulence and
pathogen load (see Fig 1B bottom left). The
steepness of this curve is inversely related to
disease tolerance.

Once tolerance curves for different host types
are determined, the per-parasite pathogenicity
will manifest itself as a yet unexplained deviation
from the tolerance curve. In other words, varying
degrees of per-parasite pathogenicity will lead to
residual excess virulence that is not explained by
host factors. Fig 1C shows how two pathogen
strains differing in their per-parasite pathogenicity
will scatter around the tolerance curves of two
host types.

HIV infection provides an ideal example to
illustrate this decomposition of virulence. In this
infection, CD4+ T cells — the target cells of
the virus continuously decline from a level of

approximately 1000 cells per microliter blood. A
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