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HIV strains are unable to enter macrophages that carry the
CCR5-432 deletion; the average frequency of this allele is
10% in European populations. A mathematical model
based on the changing demography of Europe from 1000
to 1800 AD demonstrates how plague epidemics, 1347 to
1670, could have provided the selection pressure that
raised the frequency of the mutation fo the level seen today.
It is suggested that the original single mutation appeared
over 2500 years ago and that persistent epidemics of a
haemorrhagic fever that struck at the early classical

civilisations served to force up the frequency to about
5x107° at the time of the Black Death in 1347.
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is used by HIV strains to enter cells of the

immune system such as macrophages and
CD4" T cells."* The CCR5-432 deletion prevents
the expression of the receptor on the cell surface
and provides almost complete resistance to
HIV-1 infection in homozygous individuals and
partial resistance in the heterozygous state.””*
Later studies showed that men who were
heterozygous had a 70% reduced risk of HIV
infection compared with individuals who did not
carry the mutation.” The average frequency of the
CCR5-432 deletion allele is estimated to be 10%
in European populations, but it is virtually
absent among native subSaharan African,
Asian, and American Indian populations.” ® ' "
A north to south gradient in Europe was found,
with the highest allele frequencies in Finnish
and Russian populations (16%) and the lowest in
Sardinia (4%)."" HIV has not existed long enough
in the human population to account for this
selection pressure. From computer analyses
based on coalescent theory, the age of the
CCR5-432 bearing haplotype is thought to be
approximately 700 years (but with a wide range
of 275 to 1875 years)."” Here we present a
population-genetic model, based on the demo-
graphy of Europe, in which annual widespread
epidemics of plague, a viral haemorrhagic fever,
from 1347 until 1670 forced up the frequency of
the 432 mutation to the present day values.

The transmembrane CCR5 chemokine receptor

PREVIOUS HYPOTHESES
There have been various suggestions for the selec-
tion pressure that acted on the 432 mutation:

® The single pandemic of the Black Death
(1347-50), assumed to be bubonic plague,'
which killed some 40% of the population of
Europe. At most, this would merely have
doubled the frequency from about 5x10° to
10~ * (that is, if half the population are killed,
the proportion of the protected, resistant
individuals in the population would rise
twofold).

® Epidemics of bubonic plague every 10 years
for 400 years. Mathematical modelling shows
that this hypothesis is not valid" and,
furthermore, it has been shown that Yersinia
pestis, the bacterial pathogen of bubonic
plague, does not use the CCR5 receptor for
entry."”

® Smallpox epidemics every five years in Europe
for at least 620 years from 1347 to 1970." This
hypothesis also is not valid: a lethal form of
smallpox appeared in England only in about
1628 and before that date, smallpox was
“not reputed to be a serious malady.”" Total
annual smallpox deaths in London did not
rise consistently above 1000 before 1710.'
Variolation began in 1750 and vaccination in
1800, and the number of deaths from small-
pox declined dramatically thereafter and had
disappeared from Europe by 1900."° The
disease would have had no effect whatsoever
in forcing up the 432 frequency between 1900
and 1970. Thus smallpox could have acted
effectively only during the period 1700 to
1830, whereas the modelling'* shows that over
600 years of epidemics would be required to
raise the frequency to 10%.

HYPOTHESIS FOR THE SELECTION
PRESSURE

The area where the 432 mutation is found today
corresponds exactly with the range of the
plagues. It has been suggested'” ' that the
pathogen responsible for the Black Death and
all the subsequent plagues was an unknown
emergent virus with a 100% case mortality which
caused a haemorrhagic fever. To avoid confusion,
we have named this disease haemorrhagic
plague.”” We suggest that this virus also gained
entry into the cells of the immune system
through the CCR5 chemokine receptor and that
the regular plague epidemics of the Middle Ages
in Europe served to force up the frequency of the
CCR5-432 mutation in that area. Any population-
genetic model that seeks to explain the rise in the
frequency of the CCR5-432 mutation must take
into account the changes in the population
structure of Europe, the mortality and immediate
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Figure 1 Line A (dashed line, solid circles): estimates of the population

of Europe (ordinate, log scale) from 1000 to 1800."° The single epidemic
of the Black Death caused 40% mortality. Line B: growth ofgrhe
population of Europe predicted by the model.

effect of the Black Death, and the changing spread of the
plagues.

MATRIX MODELLING

The total population of Europe is estimated to have risen
from 3x107 in AD 1000 to 7.4x10” at the Black Death.”
Afterwards, it rose again from 5.3 x107 in 1400 to 8.8x10” in
1600 (fig 1, line A); extrapolation of the line shows that the
overall mortality in the Black Death was around 40%. The
rate of population growth in Europe was the same before and
after the Black Death (fig 1, line A), but from 1600 to 1700 it
was around zero. The number of places in Europe reporting
plague epidemics each year is shown in fig 2*; the epidemics
were more widespread after 1570 and suppressed population
growth (fig 1, line A) and increased the selection pressure
sharply.

In the model, the population is divided into three classes:
susceptible homozygotes (z), heterozygotes (/), and resistant
homozygotes (r). Three state vectors, each with 65 entries, are
defined, describing the number of women in each age group
(thatis, 0-1, 1-2, ... 64—65) within the three classes, at time ?.
We have previously reported the use of a conventional Leslie
matrix to model such a population.'® *'

Mortality and fecundity affect the way in which the
number of women in each age group evolves from ¢ to f+1.
The annual probability of survival at age x from all sources of
mortality other than haemorrhagic plague = pu,. The func-
tion pu, for female survival in the years without plague (1000
to 1346; 1670 to 1800) is the stable age distribution Model
West level 10, and during the plagues (1347 to 1670) it is
Model West level 2.*' * The number of female offspring born
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Figure 2 Number of places in Europe reporting a plague epidemic in
each decade, 1350 to 1660.%
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to a female of age x = m,. The mean number of daughters
born to a woman = 2.25." The incidence of the plague
mortality (denoted by & in the model) consistent with fig 2 is
2.1% of the population per year from 1351 to 1574 and 2.65%
per year from 1575 to 1670.

The diploid model' is based on a single locus with two
alleles: a common allele at frequency ¢ in susceptible
individuals and a rare dominant resistance allele at frequency
p = 1—q. The rare resistant homozygotes are assumed not to
have died from the plague (that is, 7, = 0). The heterozygotes
may have caught the disease but did not die from it, for
which there is substantial evidence, particularly in the 17th
century'’—that is, 7, = 0. Susceptible homozygotes died from
the disease (i,=1).

The population dynamics of the system are defined by
difference equations, where changes in the number of
susceptible homozygotes, heterozygotes, and resistant homo-
zygotes in age class 1 during a single time step are given by'*:

a(t+1)=(1-io)m qu(t)zmxnx(t) (1)

e+ 1) = (1= i) S 200 (s (1)

i )

nie+ 1) = (1= iom YopPmad))  6)

where 71,(1) = z, (1) +h (1) 47 ().
The dynamics of z, /2, and r in age classes 2 to 65 are given
by:
Zen (1+1) = (1-1,0) pzi(1) (4)
Ryr (1+1) = (113,0) e (1) (5)
e (1) = (1=4,0) (1) (6)
The initial frequency of the resistant allele before the Black
Death in 1347 is given by po=5x10">."

RESULTS OF THE MODELLING

The growth of the population of Europe from 1000 to 1800
predicted by the model is shown in fig 1, line B, and
corresponds closely with the actual estimates."” The predicted
rise in frequency of the resistance allele from 1347 to 1670,
during which time it was forced up by the selection pressure
of the plagues, is shown in fig 3. The final predicted gene
frequency is 10%.
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Figure 3 Rise in the frequency of the CCR5-432 mutation between the
Black Death and 1670, as predicted by the modelling.
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DISCUSSION

The results of the modelling are consistent with the data
contained in figs 1A and 2 and with the suggestion that the
frequency of the CCR5-432 mutation was forced up from 10>
to present day levels of 10% by a continuous selection
pressure over 320 years (1347 to 1670) of epidemics of a
lethal, directly infectious viral haemorrhagic fever. These
conclusions are consistent with the fact that the plagues, like
the CCR5-432 mutation, were confined to Europe.

The CCR5-432 containing ancestral haplotype was esti-
mated by the use of coalescence theory to have originated
around 700 years ago (range 275 to 1875), coinciding with
the date of the Black Death.'” However, by this time the gene
frequency was at least 5x10 > and the origins of the
mutation must have been much earlier. Libert ef al'' conclude
that most if not all Accr5 alleles originate from a single
mutation event that took place a few thousand years ago. The
rates of crossing over between microsatellite IRI3.1 and Accr5
place this occurrence some 3500 years ago (95% confidence
interval, 400 to 13 000), whereas calculations using the
frequency of microsatellite mutations estimate that this event
occurred 1400 years ago (375 to 3675)."

We have suggested"” ** that the CCR5-432 appeared over
2500 years ago and its frequency was forced up from the
initial single mutation' to the frequency in the mid-14th
century by sporadic epidemics of haemorrhagic plague which
occurred widely over the eastern Mediterranean area during a
very long time span. Examples of these outbreaks before the
arrival of the Black Death in 1347 include the following:

® Haemorrhagic fevers in the Nile valley in Pharaonic Egypt,
1500 to 1350 BC. The evidence is from medical papyrus
sources.”*

® Haemorrhagic fevers in Mesopotamia, 700 to 450 BC and
about 250 BC. The evidence is from the diagnostic hand-
book prepared during the reign of Marduck-apliddina.”

® Plague of Athens, 430 to 427 BC. Thucydides left a detailed
description of the symptoms of the disease which
correspond closely with accounts of the Black Death.*

® Plague of Justinian, originated in Ethiopia, moved down
the Nile Valley and onwards to Syria in AD 541 and thence
to Asia Minor, Africa, and Europe, arriving in

Constantinople in AD 542. Procopius described the

symptoms and there are striking similarities, both with

the Plague of Athens and the Black Death. The Plague of

Justinian continued until AD 700, with epidemics flaring

up repeatedly."”
® The plagues of the early Islamic empire (AD 627 to 744).*

An unpublished report presented at an international
conference on ancient DNA at the University of Queensland
claims to have detected the CCR5-432 mutant allele in four of
17 Bronze Age skeletons dating to about 900 BC from a burial
site in central Germany. Such findings fit readily within the
time course above and suggest that haemorrhagic plague, in
addition to the major historic outbreaks, may have been
grumbling along in eastern Europe from 1000 BC.

The steady improvement in public health measures
contributed to the elimination of haemorrhagic plague by
1670,"” but the major factor was the sharp rise in the
frequency of the 432 mutation in the towns and cities of
Europe in the 17th century (fig 3) where the epidemics were
largely confined, in contrast with the villages and countryside
which were rarely struck. If the overall average frequency of
the CCR5-432 mutation was 10%, the proportion in the larger
towns, where the selection pressure was heavy, must have
been very much greater. With so many resistant indivi-
duals in these conurbations, the population of susceptible
individuals did not exceed the threshold density'® and,
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gradually, epidemics failed to explode. The effect was found
first in France, the plague reservoir, which had passed its
peak by 1646.7 Thereafter, England became the plague
epicentre, culminating in the Great Plague of London in 1665.

The selective advantage of the 432 mutation was lost once
the plague had disappeared after 1670, and its frequency
would then be expected to fall slowly by genetic drift over the
next 300 years. Two independent factors may have served to
maintain the frequency of the resistance allele during this
time.

First, preliminary studies have suggested that there are
links between protection against smallpox and HIV; older
people who had been vaccinated against smallpox were less
likely to contract HIV. Experiments with human blood cells
have shown that vaccination confers, on average, a fourfold
reduction in the infectivity of HIV (unpublished report from
George Mason University, Virginia, USA, 2003). Myxoma
poxvirus uses the CCR5 receptor to gain entry to its target
white blood cells in rabbits.”” Before 1628, when a lethal
strain of smallpox appeared in England, the disease would
not have exerted any selection pressure on the CCR5-432
allele, but we suggest that the resistance mutation may have
provided at least partial protection from smallpox in the 17th
and 18th centuries, so maintaining the selection pressure on
the mutation. Thus non-European races, which were never
exposed to plague, might historically be expected to be
particularly susceptible to smallpox: American indigenous
populations were especially badly hit when smallpox was
introduced by conquering Europeans.'® When smallpox
arrived in the Shetland island of Foula in 1720 less than 10
of 200 inhabitants survived the epidemic.”®

Second, there is good evidence that haemorrhagic plague
did not disappear completely in 1670 but continued in
Scandinavia, Poland, Russia, and the European-Asian bor-
ders. The plague of Copenhagen in 1711, in which 38% of the
population died, was the last outbreak in Denmark, but the
Health Authorities there maintained strict control of its
borders because Poland continued to be ravaged at regular
intervals until 1800.”” *° This maintenance of haemorrhagic
plague in northeastern Europe provided continuing selection
pressure of the CCR5-432 mutation and explains why it
occurs at the highest frequency in Scandinavia and Russia.
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