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Abstract

Different viruses transmit among hosts with different
degrees of efficiency. A basic reproductive number (Ro)
indicates an average number of cases getting infected
from a single infected case. Ro can vary widely from a
little over 1 to more than 10. Low Ro is usually found
among rapidly evolving viruses that are often under a
strong positive selection pressure, while high Ro is often
found among viruses that are highly stable. The reason
for the difference between antigenically diverse viruses
with low Ro, such as influenza A virus, and antigenically
stable viruses with high Ro, such as measles virus, is
not clear and has been a subject of great interest. Opti-
mization of transmissibility fithess considering intra-host
dynamics and inter-host transmissibility was shown to
result in strategies for tradeoff between transmissibility
and diversity. The nature of transmission, targeting ei-
ther a naive children population or an adult population
with partial immunity, has been proposed as a contrib-
uting factor for the difference in the strategies used by
the two groups of viruses. The Ro determines the levels
of threshold heard immunity. Lower Ro requires lower
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herd immunity to terminate an outbreak. Therefore, it
can be assumed that the outbreak saturation can be
reached more readily when the Ro is low. In addition,
one may assume that when the outbreak saturation is
reached, herd immunity may provide a strong positive
selection pressure that could possibly result in an oc-
currence of escape mutants. Studies of these hypothe-
ses will give us an important insight into viral evolution.
This review discusses the above hypotheses as well as
some possible mechanistic explanation for the differ-
ence in transmission efficiency of viruses
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REPRODUCTIVE RATE AND ANTIGENIC
DIVERSITY

Viruses transmit between hosts with various degrees of
efficiency. A parameter called basic reproductive number
(Ro) provides a quantitative estimate of the transmission
efficiency. Ro is the mean number of secondary infections

that one case would produce in a fully susceptible popu-
lation". In order for an outbreak to occur, Ro needs to be
higher than 1. For some pathogens, Ro can be relatively
low. For example, the 2009 pandemic HINT influenza
virus has been estimated to have Ro of 1.3-1.7%%. This
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Table 1 Basic reproductive number and antigenic diversity of certain viruses

Virus Reproductive No.  Antigenic diversity

Measles 12-18% Stable, single serotype, long-lasting immunity

Mumps 57k Stable, single serotype, long-lasting immunity

Rubella 57 Stable, single serotype, long-lasting immunity

Poliovirus 57 Stable, 3 serotypes, long-lasting immunity

Respiratory syncytial virus 12! Two major antigenic groups, multiple antigenic variants within the groups, re-infection can occur"”"!
Influenza 126 Antigenic drift, numerous antigenic variants, re-infection is common

range is comparable to the Ro estimates of other pan-
demic and seasonal influenza viruses. It may seem sur-
prising that a virus that can cause devastating outbreaks
at a global scale has such a low transmission efficiency.
Despite the low Ro, influenza virus can spread rapidly
owing to its short generation time. Some other viruses
have much higher Ro. For example, Ro of measles virus
was estimated to be 12-18". Table 1 shows Roof some
common human viral pathogens.

It is remarkable that most viruses with high Ro are
antigenically stable and contain a single or a limited num-
ber of serotypes. Vaccine is usually highly effective, and
escaping mutants have not been a problem. This group
of virus often causes childhood diseases, such as mumps,
measles, rubella, and poliomyelitis. In contrast, the anti-
genicity of viruses with low Ro, such as influenza virus,
is highly diverse. New antigenic variants are constantly
emerging to replace the preexisting strains. This so called
“antigenic drift” is the most important problem in influ-
enza vaccine production and implementation. Vaccine
strains have to be predicted and selected for each out-
break season based on extensive surveillance data. Vac-
cination needs to be repeated annually and there is a risk
of mismatch between vaccine and circulating strains”.

Theoretically, mutation rate and selective pressure de-
termine the rate of evolution and diversity of any organ-
isms. The mutation rate can explain differences between
DNA and RNA viruses. Because of the lack of proof
reading mechanism in the genome replication, RNA vi-
ruses have mutation rates at several orders of magnitude
higher than those of DNA viruses'. This explains why
RNA viruses are much more diverse than DNA viruses,
both antigenically and phenotypically. All the above men-
tioned viruses with different antigenic diversity are how-
ever RNA viruses, and they were shown to have compa-
rable high mutation rates'”, Therefore, the determining
factor for the difference in antigenic diversity must be
the selective pressures. However, selective pressure is a
complex phenomenon that involves several aspects of
host-pathogen interaction, such as the immune response
and transmission environment. While host immune re-
sponses provide positive selective pressure favoring es-
cape mutations, constraints for optimizing transmission
and replication fitness exerts negative selective pressure
to keep the optimal wild type unless there ate changes in
transmission conditions. Viruses use different strategies
to tradeoff between these two types of selective pressure
resulting in different levels of diversity.
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TRANSMISSION FITNESS AS A
FUNCTION OF WITHIN- AND BETWEEN-
HOST DYNAMICS

Viruses transmit viz different routes and under different

conditions. In order to transmit efficiently, viruses need
to shed high levels of infectious virions. However, pro-
ducing high levels of progeny requires high replication
rate, which makes them vulnerable to immune response
or consumes too much resources (infected cells) leading
to rapid progtessive fatal diseases. Either way, high levels
of viral replication cannot be sustained in long term.
Viruses therefore need to choose either to replicate at a
maximum rate in a short period, or to extend the period
of replication and shedding with reduced replication
rate. In order to persist in an extended period, viruses
need to be able to replicate in the presence of specific
immune responses and this requires an immune escape
mechanism. Escape mutations leading to antigenic di-
versity is a common mechanism for the immune escape.
A mathematical modeling showed that optimization of
transmission fitness results in 3 groups of pathogensm:
(1) childhood diseases, which are highly efficient in
transmission over a short period; (2) sexually transmitted
diseases, which have low transmission efficiency but can
establish persistent infection; and (3) viruses with high
antigenic diversity and low transmission rate, such as in-
fluenza. Contact rate may be the major determinant for
the optimization options. A high contact rate, such as in
childhood diseases, favors high replication and transmis-
sion rates, whereas a low contact rate favors an extended

. L. . . . 8
period of transmission and hence a persistent infection™.

MAXIMIZING TRANSMISSION FITNESS
VS TOLERATING MUTATIONS

Because viruses with high Ro are often antigenically
conserved, it is plausible to assume that they are under
a strong negative selective pressure. It is likely that this
selective pressure stems from the necessity to maintain

the optimal structure for maximum transmission and
replication fitness. Because protective epitopes usually
overlap with receptor-binding domains, escape mutations
often affect the binding affinity to the viral receptors and
impair the viral fitness”. The ability to tolerate mutations
would likely mean that the virus has given up its optimal
fitness in exchange for structural flexibility. Along this
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line of evolution, a virus would optimize its fitness with
a constraint to keep the flexibility. In contrast, a virus
could optimize its fitness to a higher level without this
constraint, resulting in a highly efficient but un-flexible
structure.

IMMUNE EFFECTIVENESS AS A BARRIER
TO IMMUNE ESCAPE

A highly effective immune response provides a strong
positive selective pressure that drives the emergence of
an escape mutant. However, it may at the same time be a
barrier for these escape mutations to occur. For example
in the case of high levels of high-affinity antibodies that
can recognize several minor structural changes on the
virions, only drastic changes will be able to escape this
antigen-antibody interaction"”. These drastic changes
will require several simultaneous mutations that may not
be tolerated by the viral fitness. Similar to the case where
an effective immune response targeting multiple targets,
the virus will require multiple mutations to escape this
response. Therefore, a highly effective immune response
can be viewed as a barrier against the escape mutants.

It is well known that conserved viruses of child-
hood diseases elicit highly effective immune response
with a lifelong protection, whereas immune response to
influenza virus is short-lived and not always protective.
This suggests that the effectiveness of specific immune
response against those childhood diseases plays a role as
a barrier to prevent the occurrence of escape mutants
and antigenic diversity. On the other hand, an ineffective
immune response would cause little antigenic changes on
the virus because of the lack of selective pressure, and
partially effective immune response may be the most ef-
fective force that drives most of the viral antigenic varia-
tion. Partially effective immune response enough to exert
selective pressure, but not effective enough to suppress
escape viral mutants is the most effective driving force of
antigenic variation.

HERD IMMUNITY AND SELECTIVE
PRESSURE

At a population level, non-immune individuals could be
protected from an infectious agent if a sufficient fraction
of the population is immuned. The benefit of indirect
protection is caused by the interruption of transmis-
sion chain by immuned individuals. An outbreak can be
aborted if the fraction of immuned individuals reaches
a threshold level. This immune protection of a partially
immuned population is called herd immunity. The level
of herd immunity required to terminate an outbreak de-
pends on Ro'*. Pathogens with higher Ro require a higher
herd immunity level. The threshold herd immunity level
can be calculated by 1 - 1/Ro. For example, a disease
with Ro of 2 will need a herd immunity level at 1 - 1/2
or 50% of the population, whereas a disease with Ro of
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10 will need a herd immunity level of 1 - 1/10 or 90%.
Theoretically, in a homogenous population with suffi-
cient and evenly distributed contact rate, herd immunity
level will be reached regardless of Ro. Although a virus
with higher Ro requires a higher herd immunity level, it
can spread more rapidly resulting in a higher number of
infected cases, and the required herd immunity level will
be eventually reached. In reality where populations are
heterogeneous, the threshold herd immunity level may
never be reached. Contact rate does not distribute evenly
in a population and can vary demographically and geo-
graphically. A realistic population consists of multiples
compartments interacting with one another at various
contact rates" . Although a pathogen with a high Rois
highly effective in transmitting in a small population with
a high contact rate, it may not be as effective in a larger
population with multiple compartments interacting with a
lower contact rate. Therefore, a high herd immunity level
required to eliminate an outbreak with a high Ro may
not be reached and pockets of naive hosts will always be
available to perpetuate transmission chain. In contrast, a
disease with a low Ro, which requires only a low level of
herd immunity, will be more likely to acquire enough herd
immunity. In addition, a disease with a lower Ro depends
less on high contact rate, thus it will be more effective in
transmitting between compartments in a population. If
an effective herd immunity level is reached, it will provide
a strong selective pressure to select for immune escape.
This would explain lineage extinction usually observed in
influenza phylogeny and frequent emergence of a new
escape variant as an antigenic drift. Without a capacity to
change its antigenic epitopes, influenza would be extinct
after sufficient herd immunity has been reached. Measles,
on the other hand, can stay antigenically conserved be-
cause the required high herd immunity level has never
been reached.

Influenza viruses are circulating in many animal spe-
cies and interspecies transmission occasionally happens.
Interspecies transmission can bring a new virus into
human population, which would cause a pandemic due
to the lack of herd immunity in the human population.
However, after entering human population the course of
viral evolution is mainly dictated by the interaction be-
tween the virus and human hosts since seasonal influenza
viruses do not transmit back and forth between human
and animal species. In contrast to the constant antigenic
drift of seasonal influenza viruses, avian and swine in-
fluenza viruses do not exhibit rapid antigenic changes.
Constant influx of new piglets and hatchlings as naive
hosts continues the transmission chain without the need
for antigenic changes. It is interesting that the Ro in this
situation does not need to be as low as those obsetrved in
human outbreaks. Although a wide range of Rowas esti-
mated for influenza outbreaks in avian species, the num-
ber can be above 5 in some settings'*'". The higher Ro
of avian influenza outbreaks in birds and poultry, and the
antigenic stability of these viruses contrast to the lower
Ro of seasonal influenza viruses with rapid antigenic
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changes. This evidence supports the role of transmission
effectiveness in the viral evolution strategy.

POTENTIAL MECHANISTIC DIFFERENCES
IN TRANSMISSION FITNESS

Although the difference in Ro among viruses cleatly indi-
cates that transmission fitness can vary among different
viruses, mechanistic explanation for this variability is still
lacking. Viral infectivity can be quantified 7# vitro, and
physical quantity of viruses can be measured in genome
copy number. These 7 vitro studies, however, may not
accurately represent iz vivo infectivity and transmission
fitness. Theoretically, in order to obtain maximum trans-
mission fitness, viruses should be shed in high quantity,
spread effectively and stably maintained in the environ-
ment. They should also be able to efficiently penetrate
protective barriers to the target cells after entering a new
host, bind to target cells with high affinity, withstand host
extra- and intra-cellular innate defense. Among these con-
tributing factors, receptor-binding affinity is probably the
most crucial one since most neutralizing epitopes overlap
with receptor-binding domains on viral surface proteins.
Optimization of the receptor binding may exert struc-
tural constraints on mutations of the antigenic epitopes.
Evidence for any of these possible differences is still
lacking. For example, viral load in respiratory secretion
as quantified in viral RNA copy number did not seem to
be different between influenza and measles'™'”, although
the data were from different studies and the comparison
may not be fully reliable. Similarly, direct comparison of
the other viral characteristics between viruses with high
and low Ro should be studied. This will improve our un-
derstanding of these viruses.
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