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abstract: Host immunity plays an important role in the evolution
of pathogen virulence and disease emergence. There is increasing
theoretical and empirical evidence that enhanced immunity through
vaccination may have the unfortunate side effect of selecting for more
virulent parasites, but the effect of host immune suppression on
pathogen evolution is less clear. Here, we use serial passage experi-
ments in mice to test how immune-suppressed hosts may alter path-
ogen virulence evolution. We passaged Plasmodium chabaudi through
CD4� T cell–depleted or control mice every 7 days for 20 weeks and
then measured virulence differences during infection of immuno-
logically normal mice. We found that those parasites that had been
selected through CD4� T cell–depleted mice were more virulent than
parasites selected through control mice. Virulence increases during
serial passage are believed to be caused by pathogen adaptation to
the passage host. These data suggest that immune-suppressed hosts
could provide a within-host environment that lowers the barrier to
parasite adaptation and promotes the evolution of virulence.
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Introduction

Host populations always contain some individuals that are
more vulnerable to infectious diseases than others. This is
particularly so in human populations, where genetic de-
ficiencies, malnutrition, immunosuppressive infections,
aging, and modern medical practice can all result in im-
mune deficiencies (Morris and Potter 1997). In many parts
of the world, immunosuppression in humans is becoming
more common. In rich countries, organ transplants and
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cancer treatments are becoming more widespread, and
people are living longer. In poor countries, the human
immunodeficiency virus (HIV) epidemic, overlaid on en-
demic immunosuppressive infections like helminths (Bor-
kow and Bentwich 2004; Brown et al. 2006), continues to
generate rising numbers of people with compromised im-
munity. Both mathematical models and examples from
nature have shown that immune-suppressed hosts alter
the ecology of infectious disease agents (Lloyd-Smith et
al. 2008; Ezenwa et al. 2010; Ezenwa and Jolles 2011),
especially since the rise of HIV (Abu-Raddad et al. 2006;
Nga et al. 2012). For example, the likelihood that otherwise
unsustainable pathogen strains can invade a host popu-
lation increases with the fraction of immunosuppressed
hosts (Lloyd-Smith et al. 2008). Here we empirically ask
whether immunosuppressed hosts might also facilitate
pathogen adaptation to immunologically normal hosts and
whether this adaptation might result in the evolution of
more virulent pathogens.

So far as we are aware, this question was first posed by
Bruce Wallace in a short note in The American Naturalist
almost 25 years ago (Wallace 1989, pp. 578–579). Wallace
asked whether people with impaired immune systems
might provide pathogens “with an opportunity for suc-
cessfully adapting in a stepwise fashion to increasingly ef-
ficient immune systems and, at times, perhaps, for over-
whelming them.” Noting that there are questions that
“cannot be so much as mentioned without violating cher-
ished taboos of our time,” he nonetheless asked whether
immune-suppressed people might be stepping-stones by
which opportunistic or innocuous organisms could adapt
to become full-scale human pathogens. Note there is no
doubt that infectious agents can be more virulent in im-
mune-suppressed hosts. The question that Wallace asked
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and we are asking here is whether immunosuppressed
hosts are an environment in which natural selection will
favor strains of pathogens that cause more severe disease
in hosts that are immunologically “normal.”

It is hard to know a priori what the evolutionary impact
of immunosuppression might be on rates of adaptation to
novel hosts or to virulence evolution. Immune-suppressed
hosts might indeed be the stepping-stones envisaged by
Wallace, allowing pathogens to adapt to other aspects of
host physiology and biochemistry without having to sur-
vive the onslaught of a full immune attack. Alternatively,
immune-suppressed hosts might instead be very special-
ized environments in which pathogen adaptation results
in a trade-off, with pathogens less able to deal with intact
host immunity (Kubinak et al. 2012). In that case, ad-
aptation to immune-deficient hosts might retard adapta-
tion to immune-intact hosts.

Many mathematical models have demonstrated that
host immunity can be a strong evolutionary force shaping
patterns of pathogen virulence (Anderson and May 1982;
Antia et al 1994; Nowak and May 1994; Casadevall and
Pirofski 2001; Gandon et al. 2001, 2003; Mackinnon and
Read 2004a, 2004b; Day et al. 2007). One group of models
predicts that greater host immunity or resistance will favor
the evolution of increased pathogen virulence. These mod-
els assume that pathogens can transmit only while their
hosts are alive, and because survival time increases with
host immunity, vaccine-induced immunoenhancement
may allow more virulent strains to circulate (Gandon and
Michalakis 2000; Gandon et al. 2001, 2003; Mackinnon
and Read 2004a, 2004b; Barclay et al. 2012).

This evolutionary response to host immunity most likely
explains why the myxoma virus became more virulent in
the latter part of the twentieth century in Australia. Fol-
lowing decades of selection by this highly fatal virus, rabbit
populations evolved more effective innate immunity,
which in turn selected for increased virulence in the virus
(when measured in naive laboratory rabbits; Fenner and
Fantini 1999; Best and Kerr 2000; Kerr and McFadden
2002; Kerr 2012). An extension of these models, therefore,
is that reductions in immune competence would then fa-
vor less virulent parasites. Other models, however, have
suggested the opposite. For instance, Antia et al. (1994;
see also King et al. 2009) suggested that the adaptive im-
mune response may selectively target faster-growing vir-
ulent pathogen strains, which would provide a selective
advantage to slower-growing, less virulent strains. In this
case, reductions in immune competence would favor more
virulent parasites.

Even in well-studied systems where there are good data
on the relative fitness of more or less virulent parasites
under immune pressure, it is difficult to predict the impact
of immunodeficiency on host adaptation and virulence

evolution. For instance, in the system we work on, the
rodent malaria Plasmodium chabaudi in laboratory mice,
serial passage through immunized hosts enhanced viru-
lence as assayed in immunologically naive animals (Mack-
innon and Read 2004a; Barclay et al. 2012). This is likely
because more virulent malaria parasites are less rapidly
cleared by host immunity (Gandon et al. 2003; Barclay et
al. 2012). If better immune escape is indeed associated
with virulence, as those experimental evolution studies
suggest, it is tempting to conclude that immunosuppres-
sion will weaken selection for high virulence. However,
within infections there is intense within-host competition
among parasites. This competition is for resources (Barclay
et al. 2008) or enemy-free space (Read and Taylor 2001;
Råberg et al. 2006; Barclay et al. 2008). Competitive ability
in this experimental system is correlated with virulence
(de Roode et al. 2005a, 2005b; Bell et al. 2006). In CD4�

T cell–depleted mice, competition between rodent malaria
parasites is enhanced (Barclay et al. 2008), in part due to
resource limitation (Hellriegel 1992; Hetzel and Anderson
1996; Haydon et al. 2003; Mideo et al. 2008). This suggests
high virulence will be promoted by immunosuppression.
In contrast, immune-mediated apparent competition has
been shown to contribute to competitive suppression of
avirulent malaria strains (Råberg et al. 2006). Under this
scenario, immunosuppression may favor a reduction in
virulence by alleviating competitive suppression of avir-
ulent strains.

Thus, 25 years after Wallace asked whether immuno-
suppressed hosts might speed the rate of adaptation to
new hosts and hence generate more virulent pathogens,
we still have no clear idea of whether his concern is war-
ranted. Here we report what we believe are the first ex-
perimental data addressing the issue. Increases in virulence
during serial passage demonstrate that parasites can
quickly adapt to novel hosts. We therefore ask whether
passage through immune-suppressed hosts is accompanied
by increases in parasite densities in immunologically nor-
mal hosts, our measure of host adaptation. Plasmodium
chabaudi is naturally found in thicket rats (Thamnomys
rutilans), so serial passage in laboratory mice gives them
the opportunity for adaptation to mice, a novel host. Fur-
ther, virulence and parasite densities in this system are
correlated (reviewed by Mackinnon and Read 2004b,
Mackinnon et al. 2008). We depleted mice of CD4� T cells
as a measure of immune suppression, because these cells
are pivotal in cellular immunity (Good et al. 2013). We
then repeatedly passaged P. chabaudi through CD4� T cell–
depleted or immune intact control mice and tested the
effect of immune suppression on evolved pathogen vir-
ulence, expressed in immunologically normal mice. We
found that parasites evolved in mice with suppressed im-

This content downloaded from 146.186.20.41 on Sun, 31 Aug 2014 15:07:53 PM
All use subject to JSTOR Terms and Conditions



Immunodeficiency and Virulence Evolution S49

mune systems became more virulent to hosts with normal
immunity.

Material and Methods

Parasites and Hosts

We used the DK clone of Plasmodium chabaudi adami,
which was originally collected from thicket rats (Tham-
nomys rutilans) in the Congo Brazzaville (Landau 1965;
Carter and Walliker 1976) and subsequently cloned by
limiting dilution. Laboratory genotypes are stored as stable
isolates in liquid nitrogen with subscript codes used to
identify their position in clonal history (Mackinnon and
Read 1999). Mice in our experiments were female C57Bl/
6, at least 6–8 weeks old. Parasite densities were estimated
from samples of tail blood using Giemsa-stained thin
smears and red blood cell density estimated by flow cy-
tometry (Beckman Coulter) or by genotype-specific real-
time quantitative polymerase chain reaction (qPCR) assays
as described previously (Bell et al. 2006). For amplification
of the DK genotype, we used the forward primer previously
used to amplify AS/AJ genotypes (Bell et al. 2006) and the
DK genotpe-specific reverse primer 5′ GATTGTAGA-
GAAGTAGAAAATACAGATACAACTAA 3′.

CD4� T Cell Depletion

We use CD4� T cell depletion in mice as our model of
immunosuppression. In this mouse–P. chabaudi model,
CD4� T cells are important in the immune response to
malaria, both for their cytokines and their help for anti-
body production (Stephens et al. 2005).

The antimouse, rat monoclonal antibody GK1.5 (ATCC
TIB 207) was grown in Iscove’s Modified Dulbecco’s Me-
dium (ATCC-formulated) plus fetal bovine serum
(Thermo Scientific) in CELLine Bioreactor flasks (Argos
Technologies). Cells were harvested after 7 days, and the
antimouse CD4� T cell antibody was purified on a HiTrap
Protein G affinity column (GE Healthcare). Mice were
injected intraperitoneally with 200 mg of the purified an-
tibody in phosphate-buffered saline 5, 4, and 1 days before
parasite challenge and then once weekly after parasite chal-
lenge. A fluorescent-activated cell sorter was used to con-
firm CD4� T cell depletion as previously described (Bar-
clay et al. 2008), and FlowJo analyses demonstrated
depletion of CD4� T cells similar to that described by
Barclay et al. (2008).

Serial Passages

Serial passage protocols were similar to those described
previously (Barclay et al. 2012). The data we report here

comes from an experiment in which parasites were pas-
saged through three contemporaneous selection treat-
ments: mice vaccinated with a recombinant malaria an-
tigen (V-lines), through normal mice (C-lines), and
through immunodeficient mice (D-lines; fig. 1). At the
start (generation 1), five mice in each selection treatment
were infected with 5 # 105 P. c. adami genotype DK247

(generation 0). Parasites from each one of the five mice
at generation 1 were then used to infect at least two mice
at generation 2 (forming a total of 10 sublines per treat-
ment). Duplicate infections helped reduce the possibility
of losing lines during the selection phase. Elsewhere, we
reported the effect of vaccination (Barclay et al. 2012);
here we report the impact of immunodeficiency. Thus, the
data we report here on the C-lines are those reported
earlier (Barclay et al. 2012); the new data here come from
the D-lines and associated analysis.

Virulence Phenotyping

Virulence (minimum red blood cell densities) and clone
performance (total parasite densities) were assessed in two
separate “evaluation” experiments conducted after the se-
rial passages. In all cases, frozen lines of P. c. adami–
infected erythrocytes (IRBC) were first introduced into
immune-intact donor mice, and then exact inoculations
of 1 # 106 IRBC were introduced into immune-intact
experimental (test) mice. Immune-intact donors are used
because exact doses to initiate experimental infections can-
not be obtained from frozen stock.

The first evaluation experiment compared the perfor-
mance of parasites derived from 10 rounds of serial pas-
sage. The second evaluation experiment compared the per-
formance of parasites derived from 21 rounds of serial
passage with their unpassaged ancestral progenitors. In
each of these experiments we compared the five C-lines
with the five D-lines, with each line used to infect three
mice. In the second experiment, nine mice were also in-
fected with the ancestral parasites. During evaluation ex-
periment 2, one mouse infected with C-line parasites died
on day 5, and one mouse infected with C-line parasites
received a lower parasite dose (peak parasite density was
1 order of magnitude lower than other C-line infected
mice). Both mice were excluded from all analyses.

Statistical Analysis

All analyses were conducted in R 2.10.1 (R Development
Core Team 2009). All parasite density data were log trans-
formed to meet normality assumptions of the models.

Parasite densities were recorded on the day of serial
passage. Log linear models were used to calculate differ-
ences in densities between CD4� T cell–depleted and con-

This content downloaded from 146.186.20.41 on Sun, 31 Aug 2014 15:07:53 PM
All use subject to JSTOR Terms and Conditions



0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 

C-lines

V-lines

D-lines

Figure 1: Experimental evolution in control, CD4� T cell–depleted, and AMA-1-vaccinated animals. Figure adapted from Barclay et al.
2012, figure S1. Control mice, mice previously depleted of CD4� T cells, or mice immunized with the AMA-1 vaccine were infected with
Plasmodium chabaudi adami genotype DK247 (passage 1) to initiate the C-lines, D-lines, and V-lines, respectively. We previously reported
the comparison of the C- and V-lines (Barclay et al. 2012); here we report on the comparison of the C- and D-lines. Red circles indicate
where lines were lost due to insufficient parasites; in such instances, blood from a mouse in another line within that treatment group was
used to infect at least two other mice in the next generation. Filled diamonds represent parasite lines used in the two different evaluation
experiments.
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Figure 2: Parasite densities of each mouse during serial passage in
control and CD4� T cell–depleted animals. Each data point represents
the log parasite density of each mouse in the C-lines (open circles)
or D-lines (filled triangles) from passage 1 to 21. Solid lines represent
the log linear regression change in parasite density per selection
treatment over time. Across serial passage, D-line parasites were al-
ways higher than C-line parasites (F1,393 p 177.7, P ! .001), although
C-line parasites did increase in density across time (F3,391 p 66.5,
P ! .001).

trol mice across the selection phase (0 to 21). Maximal
models (parasite densities p treatment (CD4� T cell de-
pleted or control) � serial passage number � all higher-
order interactions) were tested in the first instance, and
minimal models were obtained by dropping nonsignificant
terms successively, beginning with highest-order interac-
tions, to obtain the significant minimal model.

For the evaluation phases, differences in minimum red
blood cell densities and log peak parasite densities among
the five independent replicate sublines (C-lines and D-
lines) were first analyzed using mixed effect linear models,
with subline as a random effect (Pinheiro and Bates 2000).
In both evaluation experiments, there were no subline
variances, therefore ANOVA models were used to calculate
between treatment effects.

Results

We contemporaneously passaged Plasmodium chabaudi
adami DK parasites every 7 days for 20 weeks through
either control mice or through CD4� T cell–depleted mice.
We refer to the parasite lines evolved under these con-
trasting conditions as C-lines and D (depleted)-lines re-
spectively. We set out to measure the evolutionary response
in five independent replicate lines of each type. We re-
corded the parasite densities in each individual mouse on
the day of passage. Across the 20 weeks, parasite densities
were higher in mice depleted of CD4� T cells than control
mice (fig. 2; F3, 391 p 66.5, P ! .001). C-line parasites
increased in density across the selection phase (F1, 196 p
13.8, P ! .001), but D-lines did not (F1, 195 p 0.1, P ! .73).

To assess the influence of passage on parasite virulence,
we evaluated the virulence of the C- and D-lines in im-
mune-intact mice at two time points during the evolution
of the lines, once after 10 rounds of serial passage (eval-
uation experiment 1), and again after 21 rounds (evalu-
ation experiment 2). In that latter experiment, we also
assayed the virulence of the ancestral parasites (passage 0).
In each of these evaluation experiments, virulence was
measured in two ways: as the mean total parasite density
and as the mean minimum red blood cell density (anemia).

Parasites passaged through both CD4� T cell–depleted
mice (D-lines) and immunologically normal mice (C-
lines) had higher total parasite densities than the ancestral
parasites from which they were derived (fig. 4D). D-line
parasites were also more virulent to immune-intact ani-
mals than C-line parasites (figs. 3B, 3D, 4B, 4D). This
difference had already arisen by the tenth passage and was
still apparent after 21 passages. Thus, in immune-intact
mice, D-line parasites from both the tenth and twenty-
first passage “generations” caused greater anemia than did
C-line parasites (figs. 3B, 4B; F1, 28 p 31.6, P ! .001, and
F1, 26 p 30.2, P ! .001, respectively). Thus, over the course

of the experiment, parasites that evolved in CD4� T cell–
depleted mice became more virulent to immune-intact
animals than parasites that evolved in control mice.

The virulence differences apparent at the tenth round
of selection were associated with differences in parasite
densities (fig. 3). D-line parasites produced more parasites
in total than did C-line parasites (fig. 3D; F1, 28 p 15.42,
P ! .001). However, D-line parasites from 21 passages,
while still inducing more anemia, did not achieve signif-
icantly higher densities than C-line parasites (fig. 4; D-
lines vs. C-lines: F1, 26 p 3.4, P p .075), even though they
did achieve higher densities than ancestral parasites (fig.
4D; D-lines vs. ancestral: F1, 22 p 23.6, P ! .001).

Discussion

Twenty-five years ago, Wallace (1989) first raised the ques-
tion of whether people with impaired immune systems
could act as evolutionary gateways for opportunistic path-
ogens to become better able to replicate in people with
normal immune systems. His concern seems all the more
relevant today, where changing medical practices, aging
populations, the HIV epidemic, and other immunosup-
pressive conditions reduce the efficacy of host immunity.
Our findings go some way to reinforcing Wallace’s con-
cerns: we found that serial passage through immunosup-
pressed mice resulted in parasites that induced greater vir-
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Figure 3: Red blood cell and parasite densities during infection of immunologically normal mice with parasites that had previously been
passaged 10 times through control mice or 10 times through CD4� T cell–depleted mice (evaluation experiment 1). Curves (A, C) show
the red blood cell (A) and parasite (C) kinetics of five C-lines (dotted) and five D-lines (solid), each assayed in up to 3 mice. Points on
the scatterplots show the minimum red blood cell densities (B) and the log total parasite densities (D) of each individual mouse infected
with C-lines (circles) or D-lines (triangles). Horizontal black lines indicate mean values. D-lines induced more severe anemia (A, B; F1,28 p
31.6, P ! .001) and reached higher total parasite densities than their comparator C-lines (C, D; F1,28 p 15.42, P ! .001).

ulence in immunologically normal mice than parasites
selected through normal mice.

The Experiments

A very general finding from serial passage experiments in
a wide range of host-parasite systems, including Plasmo-
dium chabaudi in lab mice, is that pathogens become more
virulent to the serial passage host (Ebert 1998; Mackinnon
and Read 2004a; Barclay et al. 2012; Kubinak et al. 2012;
Kubinak and Potts 2013; Spence et al. 2013). These pat-

terns are assumed to be a consequence of pathogen ad-
aptation to the serial passage host, since serial passage
selects for higher pathogen densities at the time of transfer.
We saw an increase in virulence for lines passaged through
both immune-deficient and immunologically normal mice
(fig. 4C, 4D). Interesting, our data also show that adap-
tation is faster in immune-deficient hosts: D-line parasite
densities were already higher than C-line parasite densities
after 10 passages (fig. 3D).

Formally, our data show only that immunosuppression
increases the rate of virulence evolution. It is possible that
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Figure 4: Red blood cell and parasite densities during infection of immunologically normal mice with parasites that had previously been
passaged 21 times through control mice or 21 times through CD4� T cell–depleted mice (evaluation experiment 1). Curves (A, C) show
the red blood cell (A) and parasite (C) kinetics of five C-lines (thin dotted curves) and five D-lines (solid curves), each assayed in up to
3 mice. The thick dotted curves are the mean of 9 mice infected with the ancestral lineage. Points on the scatterplots show the minimum
red blood cell densities (B) and the log total parasite densities (D) of each individual mouse infected with C-lines (circles), D-lines (triangles),
or ancestral parasites (squares). Horizontal black lines indicate mean values. D-lines induced more anemia than C-line parasites and ancestral
parasites (A, B; F1,26 p 30.2, P ! .001, and F1,22 p 32.6, P ! .001, respectively). Both C-lines and D-lines reached higher total densities
than ancestral parasites (D; F1 ,20 p 7.9, P p .010, and F1,22 p 23.6, P ! .001 respectively), but the C-lines and D-lines did not differ from
each other (C, D; F1,26 p 3.4, P p .075).

the C-line and D-line parasites eventually would have be-
come similarly virulent if we had continued to passage the
C-lines. There is some evidence of an upper bound to the
densities and virulence that can occur following serial pas-
sage (Mackinnon and Read 2004a; Spence et al. 2013).
Limitation in resources such as red blood cell availability
could be responsible, because malaria parasites require red
blood cells to replicate. Such an upper bound might ex-

plain why we observed no increases in density on the day
of transfer in the immunodeficient animals with successive
passage (fig. 2), an expected signature of adaptation. Pre-
sumably, alterations in growth rates did occur, but we did
not assay infection kinetics in the serial passage animals
before day 7.

Why would serial passage in immunodeficient mice re-
sult in parasites better adapted to growth in normal mice
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than parasites serially passaged in normal mice? Through-
out our serial passage study we found that CD4� T cell–
depleted mice had higher parasite densities than control
mice (fig. 2). Higher densities in immunodeficient mice
could lead to evolution of higher virulence through two
mechanisms. First, the total number of de novo mutations,
the generator of heritable variation, increases as population
sizes increase, and the rate of adaptation increases with
heritable variation (Maynard Smith 1989). Thus, the larger
pathogen population sizes in CD4� T cell–depleted mice
compared to control mice may explain the observed higher
virulence at the end of our experiment. Second, the larger
densities and hence mutational diversity in CD4� T cell–
depleted mice could result in enhanced competition be-
tween parasite variants. Experiments in P. chabaudi have
shown that competitive suppression of less virulent strains
to be enhanced in the denser parasite populations found
in CD4� T cell–depleted mice compared to control mice
(Barclay et al. 2008), in part due to resource limitation as
more competitive strains can grow unchecked by immu-
nity (Hellriegel 1992; Hetzel and Anderson 1996; Haydon
et al. 2003; Barclay et al. 2008; Mideo et al. 2008). Thus,
if large parasite populations generate more variants which
compete, virulence could be driven upward.

Mathematical models representing the influence of im-
mune suppression on pathogen adaptation could guide
further measurements to clarify the crucial mechanisms
at play. For instance, the first explanation above could hold
only if the appearance of mutations is rate limiting and
subsequent selection is strong enough for new variants to
displace established strains in the short time available (in
the limit, this corresponds to the strong selection, weak
mutation regime explored in Gillespie 1984). Models could
be used to compute quantitative bounds on what mutation
rates and selection coefficients are consistent with the ob-
served data, which in turn could be tested with targeted
experiments or genome sequencing of stored samples.

A different explanation, and unrelated to differences in
densities, is that by depleting CD4� T cells we might have
reduced the selective advantage of slower-growing, less vir-
ulent strains (i.e., delayed immune clearance), allowing
more virulent strains to expand in numbers and persist
until onward transmission to a new host. This theory, first
proposed by Antia et al. (1994) and subsequently devel-
oped by King et al. (2009), is based on the assumption
that the adaptive immune response targets faster-growing,
more virulent strains over slower-growing, less virulent
strains. By depleting part of the cell-mediated immune
response, could we have shifted evolution toward higher
rates of virulence? We doubt this explanation for our data
because in P. chabaudi, virulent strains are cleared more
slowly by immunity (Gandon et al. 2003; Mackinnon and
Read 2004b; Barclay et al. 2008). Thus, the biology of our

system violates a key assumption of the models of Antia
et al. (1994) and King et al. (2009).

Another possibility is that selection and adaptation are
not involved, but instead the larger population sizes in the
D-lines have allowed greater antigenic diversity to accu-
mulate, either through mutation or through epigenetic
mechanisms responsible for antigenic switching in Plas-
modium (Jiang et al. 2013). Antigenically more diverse
infections might be harder to control immunologically
(Taylor et al. 1997), resulting in more parasites and greater
virulence. Whether sufficient antigenic diversity can ac-
cumulate through our serial passage process is unclear.
Comparative whole transcriptome analysis of D- with C-
line parasites, as well as the ancestral lineage, could reveal
any changes related to virulence and are the focus of on-
going investigations.

Interestingly, serial passage of parasites through mice
immunized with either whole parasite preparation (Mac-
kinnon and Read 2004a) or a candidate blood-stage ma-
laria vaccine (Barclay et al. 2012) also results in parasites
that are more virulent to immunologically normal, naive
hosts. Presumably, immunization promotes the evolution
of virulence in this system because low-virulence strains
are rapidly cleared by immunity relative to more virulent
strains (Mackinnon et al. 2008). The data we present here
suggest that faster-growing high virulence strains will also
be selectively favored in an immune-suppressed host.
Thus, passage through immune-suppressed and immune-
enhanced selected parasites did not result in any trade-
offs detectable during infection of immune intact mice.
Together, these data suggest that virulence is maintained
at an intermediate level under “normal” host conditions.
If those normal conditions are perturbed in either direc-
tion by vaccination or host immune suppression, virulence
evidently evolves to increase.

Ultimately, it will be essential to consider parasite den-
sity, virulence, and transmissibility over the full duration
of infection, across a whole range of immune-enhanced
and immune-suppressed host types, which will help de-
termine the consequences for selection in natural trans-
mission settings. Simple models show that the chronic
infections often associated with immune compromise can
play an important facilitating role in pathogen evolution-
ary emergence (J. O. Lloyd-Smith et al., unpublished
manuscript).

Wallace’s Question

Our experimental data are consistent with the possibility
that immunosuppressed people might set in play evolution
that increases disease burdens, even in immunologically
normally people. We are of course a long way from being
able to assess the likelihood that this will happen. Most
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obviously, generalizing from animal models is notoriously
difficult, not least in malaria (reviewed in this context by
Råberg et al. 2006; Wargo et al. 2007; Barclay et al. 2012).
We have also bypassed mosquito transmission, a possible
source of selection against virulence in this system (Ebert
1998), though we note that virulence differences generated
by protocols very similar to ours are not eliminated by
mosquito transmission (Mackinnon and Read 2004a;
Mackinnon et al. 2005). If the directions of within- and
between-host selection on virulence are in opposition, the
question is how evolution would play out in nature (Park
et al. 2013). Our data are consistent with positive within-
host selection for virulence generated by immuno-
deficiency.

There are several other reasons to be cautious about
generalizing from our results. First, there are many dif-
ferent ways in which a host can be immune suppressed
(malnutrition, drugs, cancer, viruses, etc.), which lead to
many different forms of immune suppression. Here we
test only the effect of immune suppression using a model
of CD4� T cell depletion in mice. CD4� T cells are fun-
damental in cellular immune responses, and their function
is severely compromised during HIV infection, when the
virus utilises CD4� T cells for replication (Sousa et al.
2002). Thus, although we do not directly test the effects
of HIV infection on virulence evolution, our CD4� T cell
depletion model mimics some of the processes that occur
during HIV infection. Whether similar patterns would be
observed during infection with HIV, or under another
model of immune suppression, remains to be determined.

Second, the results may vary depending on the timing
of passages. We chose to do our passages every 7 days,
partly for convenience and partly because after 7 days naive
mice begin mounting a strong acquired immune response
against malaria (Druilhe and Khusmith 1987; Langhorne
et al. 1989; Stevenson et al. 1992; von der Weld and Lang-
horne 1993; Mota et al.1998; Metcalf et al. 2011). Given
that serial passage in both immunized (Mackinnon and
Read 2004a; Barclay et al. 2012) and immunodeficient
mice (this article) generated parasites more virulent to
normal mice than did parasites evolved in control mice,
the question becomes what retards adaptation and viru-
lence evolution in the control lines. Without further ex-
perimentation, it is difficult to know whether passage ear-
lier or later in the infections would result in accelerated
rates of adaptation in control lines.

Finally we offer two other thoughts on the likelihood
that immunosuppressed people could act as incubators of
more virulent human pathogens. Immune heterogeneities
are already rife in human populations. It would be an
interesting question to determine the extent to which mod-
ern medical practices, or even the HIV epidemic, are of a
sufficient scale to impact pathogen adaptation and viru-

lence evolution. It is also important to know whether there
is an interaction between externally imposed sources of
immunosuppression, such as HIV infection and medical
practices, and other sources of heterogeneity, such as host
and pathogen genetic background.

In summary, our data are consistent with selection for
increased virulence under host immune suppression. This
is a strong call for additional research, in this system and
in others, to determine the general nature of our results
and the relevance of our findings to human diseases.
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