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The adaptive potential of HIV-1 is a vital mechanism to evade
host immune responses and antiviral treatment. However, high
evolutionary rates during persistent infection can impair
transmission efficiency and alter disease progression in the
new host, resulting in a delicate trade-off between within-host
virulence and between-host infectiousness. This trade-off is
visible in the disparity in evolutionary rates at within-host and
between-host levels, and preferential transmission of ancestral
donor viruses. Understanding the impact of within-host
evolution for epidemiological studies is essential for the design
of preventive and therapeutic measures. Herein, we review
recent theoretical and experimental work that generated new
insights into the complex link between within-host evolution
and between-host fitness, revealing temporal and selective
processes underlying the structure and dynamics of HIV-1
transmission.
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Introduction
Despite the remarkable progress of the last three decades,
Human Immunodeficiency Virus type 1 (HIV-1) remains

a global health threat with almost two million new infec-
tions and one million AIDS-related deaths in 2016
(UNAIDS Factsheet 2017). HIV-1, as many RNA viruses,
is characterized by high rates of evolutionary changes
during the course of infection [1-3], and this potential for
adaptive evolution has proven to be a cornerstone mech-
anism of viral escape from host immune responses and
antiretroviral treatment (ART) [4,5]. Yet, drug resistance
rates are stabilizing or decreasing due to more efficacious
and tolerable regimens, particularly in developed coun-
tries, resulting in a nearly normal life expectancy for
treated HIV-1 infected individuals [6,7].

By contrast, as immune-driven viral control by means of a
preventive or therapeutic vaccine remains challenging
[8], main priorities with respect to public health now
concern the formulation and implementation of efficient
and effective prevention strategies. The widespread
implementation of Treatment as Prevention (TasP) is
considered one of the most important intervention strat-
egies to reduce the rate of HIV-1 transmission [9]. Fur-
thermore, methodological improvements to infer trans-
mission networks and to model epidemics /7 sifico enable
authorities to monitor dynamics of epidemic spread and
ameliorate prevention strategies [10]. Despite these
advances, the resulting worldwide decline in HIV-1 infec-
tions is considered insufficient to meet the UNAIDS
visionary goal to end AIDS by 2030 [6]. Periodical reports
of increasing incidence (e.g. Eastern Europe and Central
Asia) and persistent challenges (e.g. late presenters, sub-
optimal adherence and increasing rates of drug resistance
in Africa) illustrate the continuous need to optimize
targeted intervention strategies [6,11-13].

T'o this end, novel perspectives on the impact of HIV-1
within-host evolutionary processes are crucial to better
understand and mitigate population-level transmission.
Knowledge on the association between viral genotype
and epidemic potential is imperative to formulate preven-
tion strategies directed towards sub-epidemics that have the
largest impact on the incidence rate. Furthermore, insights
into the different mechanisms and virus diversity that
dominate transmission and early infection will improve
transmission history inference as well as vaccine design.

HIV-1 is characterized by extensive genetic diversity
within and between hosts, but distinct processes and
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Schematic representation of a connection of within-host evolution with HIV-1 transmission. (a) HIV-1 infectiousness (upper bar) maximizes with
increasing viral load. (b) Over the course of infection, HIV-1 increasingly (red) adapts to its environment with transient release of ancestral viruses
from latent reservoirs (green). (c) spVL varies between individuals, and higher spVL is associated with faster progression to AIDS. (d)-(g) Example
of a transmission network with three transmission bottleneck events. (e) Transmission occurred early in infection of ancestral viruses with limited
adaptation (green) to the donor host. (f) Transmission occurred late infection of variants adapted (red) to the donor host. ART initiation resulted in
a decrease of viral load until the emergence of drug resistance. (g) Transmission at the time of ART failure results in the transmission of drug

resistance (TDR), which could affect viral load in the recipient host.

rates shape viral evolution at these levels [2,3,5,14-16].
While within-host evolutionary dynamics are dominated
by selective forces and competitive fitness (Figure 2) [2],
between-host evolution is considered to be largely shaped
by neutral processes and multiple HIV-1 variants co-exist
at the epidemiological level, although recent findings might
imply more selective action at this level than generally
assumed [17,18]. Circulating viral diversity at population
level is an intrinsic reflection of transmission dynamics
within the epidemic [2], but virus and host genetics addi-
tionally impact between-host dynamics [5,10,14,15,19]. As a
result, a complex interplay of multi-scale evolutionary pro-
cesses exists and the selective advantage of viral traits differs
at the within-host and between-host level as conflicting
evolutionary forces apply [20,21°°]. While viral spread in a
population is expected to select for traits that maximize
transmission efficiency, viral strategies that favour within-
host fitness do not necessarily benefit epidemiological fit-
ness, leading to a delicate evolutionary trade-off between
virulence and transmission [22°°,23°].

This review discusses the connection between HIV-1
within-host evolution and transmission dynamics and
highlights recent theoretical and experimental work
bridging different scales (Figure 1). We first address
the processes that shape HIV viral evolution within the
host, then we focus on the bottleneck transmission event
and finally on how this can be translated at the population
level. We end by shedding light on how these factors can
affect the epidemiological transmission studies. Under-
standing the link between within-host processes, trans-
mission fitness and epidemic spread will be essential to
achieve HIV-1 eradication.

Within-host evolutionary dynamics
Evidence of viral traits that directly promote HIV-1
transmission from one host to another is limited
[24,25]. Nonetheless, viral strains differ in their transmis-
sibility, albeit mostly as a consequence of their effect on
the different stages of disease progression.
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Figure 2

(a)

(b)
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Panel (a) shows a tree consisting of HIV-1 sequences that belong to a single patient, as presented in [1]. Panel (b) shows a tree inferred from a
random selection of Portuguese HIV-1 subtype B sequences, a subset of the tree presented in [90]. The within-host tree clearly demonstrates a

ladder-like topology, while the population tree reflects a star-like topology.

The natural course of HIV-1 infection generally starts
with an acute, primary phase followed by a chronic,
asymptomatic phase which progresses into AIDS and
eventually death [1]. The number of viral RNA copies
in peripheral blood (viral load) and CD4+ T-cell lym-
phocytes (CD4 count) are routinely used to monitor the
rate of disease progression. Virus load peaks soon after
transmission and then levels off to a set-point viral load
(spVL). spVL announces the start of the chronic phase
and remains relatively stable for years [26,27]. AIDS
eventually results from immune deterioration due to
chronic immune activation and gradual depletion of the
CD4 count, but rates of disease progression vary signifi-
cantly among individuals [1,2,3,28].

The transmission probability per contact is closely related
to the viral load. HIV-1 infectiousness is therefore not
constant over the time of infection, with the acute phase
as an important time window [29]. A large variability in
spVL has been observed between individuals, which is
additionally important as spVL positively correlates with
both the rate of disease progression and the per-contact
transmission rate [23°,30,31]. Recent findings suggest that
within-host evolution only has a small impact on spVLL
variation. By contrast, changes in virus replication capac-
ity and adaptive evolution have been linked to viral loads
in early and late infection as well as to CD4 count decline
[26,27]. Others have reported that, early during infection,
high levels of replication are an important marker of
disease progression independently of the viral load

[5,32°°,33], adding to the complexity of the processes
underlying HIV-1 pathogenicity and transmissibility.

Coinciding with increasing viral loads, virus replication
during the chronic phase continuously drives a diversify-
ing and diverging virus population [1,34]. While muta-
tions are randomly generated, HIV-1 sequence space is
limited by functional and immunological constraints [35],
and evolutionary dynamics are governed by competitive
fitness [1,36,37]. The emergence of escape mutations
illustrates adaptation to selective pressures from host
immune responses and ART [5,38]. Despite their bene-
ficial effect in a given environment, escape mutations can
confer a replication cost, with implications for viral load
and transmissibility. Yet, viral fitness can be restored by
epistatic interactions and compensatory mutations
[39°°,40-43].

The evolutionary rate of HIV-1 can also be elevated by
recombination, which is an essential mechanism to miti-
gate deleterious mutational load [44]. Recombination
encompasses template switching between RNA strands
during reverse transcription, and can lead to a new
recombinant form in case of dual infection with distinct
subtypes. The increasing worldwide prevalence of circu-
lating recombinant forms could imply a replication or
transmission advantage of some of these strains [45,46].

Evolutionary imprints of immune or treatment adaptation
in the donor can severely modulate viral load in the
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recipient  [5,47]. The reversion of transmitted
‘deleterious’ escape variants can be hindered by local
fitness optima [48], potentially allowing for a transitory
effect on population-level viral load [5,39°°].

A heterogeneous, rapidly evolving within-host population
stimulates competition between HIV-1 strains during the
course of infection that will maximize viral fitness, and
this short-sighted evolution results in increased virulence
[21°°,22°°]. To what extent increased replicative capacity
results in higher HIV-1 virulence is still controversial
[14,21°°,32°°,49°°], given the moderate correlation
between viral load and CD4 count, and other factors
likely also influence virulence [32°°,39°°]. Additionally,
recent studies on the heritability of virulence show that
the virus genotype affects HIV-1 virulence both via viral
load and viral load-independent mechanisms
[32°°,45,46,49°°,50-52].

Selective bottlenecks in HIV-1 transmission

The extent to which within-host evolution has an influ-
ence on between-host transmission further depends on
the social dynamics of the host population and the bio-

logical processes defining the transmission event
[5,25,38,39°°,53°,54,55].

T'he time between transmission events is particularly of
interest [21°°]. Transmission events in early infection
limit the time window for adaptation to the host and will
minimize the impact of within-host evolution. Longer
time intervals are accompanied by increasing viral evo-
lution, which could modulate the transmission fitness of
the viral population. Although infectiousness is known to
peak during acute infection, the relative contribution of
transmissions during this phase over later disease stages
varies between studies [56-59]. One study recently ques-
tioned established estimates of elevated infectivity in
acute phase, due to the presence of confounding factors
such as risk behaviour [58]. Documented transmission of
drug resistance and preliminary findings on TasP effec-
tiveness indicate that HIV-1 is transmitted beyond acute
infection to some extent [57,60°°]. An accurate timing of
transmissions will be highly relevant for TasP policies as
their efficacy critically depends on early diagnosis of HIV-
1 infections, which is generally difficult to achieve.

Another important parameter relate to the diverse immu-
nological and physical barriers in both donor and recipient
that result in a low probability of transmission per contact
act [57,61]. The existence of a strong genetic bottleneck
is illustrated by a genetically homogeneous virus popula-
tion present in recipients shortly after infection, com-
pared to extensively diversified populations in donors
[59]. Systemic infection is mainly established from the
propagation of a single variant, the transmitted/founder
('T/F) virus, although estimates of multiple variant trans-
missions differ between transmission modes and studies
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[25,55,62,63]. It remains unclear whether this bottleneck
acts immediately at the time of transmission or in the
carliest stages of infection. Another question not fully
answered to date is whether particular viral traits are
selectively advantageous and determine which variants
survive the bottleneck, or whether successfully transmit-
ted variants are to a considerable extent determined by
stochastic effects [64]. However, the transmission process
most likely involves both fitness-driven and stochastic
bottlenecks in donor and recipient [59]. Comparative
studies on the genetic variability of viral population in
recipients versus donors have revealed that specific
strains are preferentially transmitted. Moreover, analyses
on T/F viruses have identified genetic, immunological
and phenotypic signatures that are associated with
increased transmission success [5,25,32°°,39%°,53°,64,65].

Most well-known examples described comprise signa-
tures of the HIV-1 envelope protein. Shorter variable
loop lengths and less N-linked glycosylation sites facili-
tate transmission but at the cost of increased antibody
recognition in the new host [64]. Additionally, T/F
viruses predominantly use the CCRS5 co-receptor for cell
entry, which could suggest that CXCR4-utilizing viruses
are associated with reduced transmissibility, although it
has been speculated that CXCR4 variants are co-trans-
mitted but outcompeted by CCRS5 variants upon trans-
mission [24,51,66]. Non-envelope signatures have also
been associated with transmission efficiency, although
less pronounced and still highly debated [5,24,67]. It
has been postulated that the genetic bottleneck imposes
a transmission selection bias that favours viruses with
higher transmission potential [5,53°,65], and this bias
differs in strength according to the transmission risk
associated with the specific barrier [53°]. For example,
the use of microbicide gels could select for viruses with
higher transmission fitness while genital inflammation
exerts an opposite effect since it facilitates transmission
[53°]. Similarly, the use of antivirals for HIV-1 negative
individuals at high risk for infection, known as Pre-expo-
sure prophylaxis (PrEP), also affects this transmission
barrier. PrEP has been highly effective in reducing
HIV-1 incidence [68], although a PreP failure was
recently documented despite good adherence [69]. This
raises important concerns with respect to the propagation
of transmitted drug resistance and the amplification of
virulence evolution [70,71].

Furthermore, transmission fitness has been linked to the
similarity of the T/F virus to the HIV-1 (subtype) con-
sensus sequence among infected individuals [72°]. The
preferential transmission of viruses more similar to the
ancestral donor strain suggests that viruses more related to
the previously transmitted variant have a higher trans-
mission efficiency [65]. In summary, while a consensus
exists that selection is acting to some extent during the
transmission event, favouring particular viral variants, it is
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Figure 3
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In this figure, we demonstrate how the inter-patient distance distribution can differ between HIV-1 sub-epidemics. We consider the Portuguese
HIV-1 epidemic, as this epidemic consists of two parallel sub-epidemics that can be easily discerned by their subtype (i.e., subtype B and
subtype G) [91]. We extracted 6045 subtype B and 4311 subtype G sequences from 7977 number of patients the Egas Moniz HIV-1 resistance
RegaDB database [92,93] and inferred the subtype of the sequences using the Rega HIV-1 typing tool [94]. For both subtypes the intra-host and
inter-host pairwise (Tamura-Nei) distances were determined. We show distance distributions for subtype B (red density curve) and subtype G (blue
density curve). The solid lines represent the intra-patient distance distribution’s density, the dashed lines represent the density of the inter-patient

distance distribution.

not yet clear how the different factors are intertwined
with each other.

Paradox between HIV-1 evolution at host and
population level

HIV-1 evolution is not only shaped by constraints within
the host and during a single transmission process but also
at the population level. Increased intensity of viral com-
petition in the infected individual results in decreased
fitness of the viral population at the epidemiological
level [21°°].

Consequently, the evolution of HIV-1 virulence has been
widely studied for its impact on transmission dynamics
and epidemic spread [21°°,49°°]. More specifically, a

highly virulent virus is associated with a higher viral load
and increased infectiousness, but the time window for its
transmission is reduced due to accelerated progression to
AIDS-related death [49°°]. On the contrary, a low virulent
virus will be less harmful to the host but the longer
duration of infection provides more opportunities to
establish onward transmission, although with a lower
probability of transmission per contact [21°°].

In this context, while 20% of spVL variation can be
explained by host genetics and demography [19,73], a
strong correlation of spVL, between transmission pairs
indicates that spVL variation can be significantly attrib-
uted to the viral genotype [74], with spVL heritability
estimates averaging around 30% [19,50,75,76]. A
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consensus on the transmitted viral characteristics deter-
mining viral load heritability and their strength has not
been established [14,15,77].

Observations that spVL varies between individuals, influ-
ences between-host fitness and is heritable imply that this
viral trait is subject to selection at population level
[22°°,23°]. Indeed, it has been suggested that viral geno-
types with intermediate virulence are naturally selected
by transmission, evolving to a spVL that should reflect the
optimal balance between infectiousness and duration of
infection [23°,52,78,79]. The quantification of this trans-
mission potential has been validated using mathematical
models and observations of population viral load distribu-
tions that are centred around the value predicted to
optimize transmissibility [20,23°52,75]. The existence
of such an trade-off between virulence and transmissibil-
ity at population level is remarkable given the short-
sighted nature of HIV-1 within-host evolution
[20,21°°,22°°,80].

Mathematical models suggest that HIV-1 within-host
adaptation contributes more to virus genetic variability
than adaptation to reach a higher transmissibility, despite
observations of population level adaptation [81°]. Differ-
ent theories have been proposed to reconcile observed
adaptation patterns at the within-host and between-host
level, explaining how short-sighted evolution is bypassed
and viruses with high transmission potential are favoured
[14,15,44,78,80,82,83]. Fast replicating viruses might not
achieve expected high prevalence due to higher levels of
immune selective pressure against them [5,14]. An alter-
native mechanism is that factors such as virus-induced
cell activation, acting at the systemic level, affect spVL,
but are selectively neutral or nearly neutral [14,15,84].
The preferential transmission of ancestral viruses with an
inherent transmission advantage, either early in infection
or transiently released from long-lived latent reservoirs,
could also minimize the impact of adaptation to the host
[14,44].

Implications for transmission analyses

The inference of HIV-1 transmission dynamics has
become increasingly important to design efficient public
health interventions [10]. Most methods identify clusters
in virus genetic data either by comparing genetic dis-
tances directly or by interpreting phylogenetic trees.
High evolutionary rates of HIV-1 allow researchers to
study virus spread even for short timescales, but discre-
pancies between population-level and within-host evo-
lution confound the inference of epidemiological param-
eters of HIV-1 spread [10,85,86°,87]. The evolutionary
history of HIV-1 can be reconstructed by linking phylo-
genetic methods with epidemiological models, thereby
revealing dates and ordering of transmission events.
However, a mismatch between actual transmission histo-
ries and time-scaled between-host phylogenies can occur
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when within-host evolution in the donor is neglected
[85,86°,87].

A split in a phylogenetic tree does not directly correspond
to a transmission event but also reflects the sampling of
(long-persisting) viral lineages in the donor at the time of
transmission [85]. The presence of a pre-transmission
interval, the time difference between the origin of the
transmitted virus lineage and the actual transmission,
pushes estimated times of transmission events backwards
in time compared to the actual time of transmission [85].
The impact of this interval depends on the amount of
viral diversity accumulated in the donor and hence on the
duration of infection. Besides this bias on estimates of
time of transmission, the order in which nodes occur in an
estimated phylogeny can also be confounded by within-
host dynamics and sampling times (Figure 3). An example
is incomplete lineage sorting which occurs when a single
donor infects multiple individuals, thereby transmitting
lineages from different time points [85,86°,87] The
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We show a schematic visualization of the transmission event Tg,
where individual A infects individual B at time Ig. We consider

2 samples from individual A: s; was obtained shortly after individual A
was infected (i.e., time 1) and sample s, was obtained close to time
of transmission event Tg A third sample s3 was obtained from
individual B, shortly after this individual was infected. The phylogenetic
tree, as inferred from the genetic sequences extracted from sample
S1, and s, reveals that s1 and s3 cluster more closely together than
s¢ and s,.
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extent of disordering of tree nodes is affected by viral
diversity in the donor and by the length of the time
intervals between the separate events [85].

Moreover, the identification of transmission clusters
based on genetic distance typically relies on a predefined
threshold [88]. This threshold should maximally separate
within-host from between-host distance distributions.
Figure 4 shows that genetic distance distributions can
differ between sub-epidemics, indicating that such
thresholds should be specifically tailored to the analyzed
sub-epidemic.

More realistic phylodynamic models are acknowledging
the role of within-host diversification and will improve
the inference of transmission dynamics [86°,87].
Increased knowledge on the impact of within-host evo-
lution also benefits fine-grained epidemiological models,
which are essential to calibrate complex prevention strat-
egies such as test-and-treat protocols [89].

Conclusions

While multiple studies illustrate that HIV-1 is adapting to
maximize transmissibility, the consequences of within-
host evolutionary processes on HIV-1 dynamics at the
epidemiological level are not yet fully understood. Future
studies will bring insights into which variants are trans-
mitted and the dynamics of their global spread, which will
ultimately inform prevention and vaccine strategies
which host or virus populations to target and at which
time.
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