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feasting, which could explain the differential age and sex
incidence. From the age of the youngest affected patient,
the shortest incubation period is estimated to be 5 years,
although this time could be shorter, since time of infection
is usually unknown.

Genetic susceptibility is important in both the sporadic
and acquired forms of human prion disease; human PrP
has a common polymorphism, with either methionine or
valine present at resicdue 129. About 38% of Furopeans are
homozygous for the more frequent methionine allele,
512 are heterozygous, and 11% homozygous for valine.
Most sporadic CJD occurs in individuals homozygous for -
this polymorphism.” This susceptibility factor is also
relevant in the acquired forms of C)JD, most steikingly in
vCJD; all clinical cases studied so far have been
homozygous for codon 129 methionine of the PrP gene
PRNPS The PRNP codon 129 genotype has shown a
pronounced effect on kuru incubation periods and
susceptibility, and most elderly survivors of the kura
epidemic are heterozygotes." The clear survival advantage
for codon 129 heterozygotes provides a powerful basis for
selection pressure in the Fore. However, an analysis of
worldwide haplotype diversity and allele frequency of
coding and non-coding polymorphisms of PRNP suggests
that balancing selection at this locus (in which there is
more variation than expected because of heterozygote
advantage) is much older and more geographically
widespread. Evidence for balancing selection has been
shown in only a few human genes. With biochemical and
physical evidence of cannibalismi on five continents, one
explanation is that cannibalism resulted in several prion
disease epidemics in human prehistery, thus imposing
batancing selection on PRNF?

Kuru was extensively studied at its peak in the late 1950s
and early 1960s and monitoring was continued through
the Papua New Guinea Institute of Medical Research. We

strengthened active kuru surveillance in 1996 and aimed
to study all patients with kuru until the end of the
epidemic. Here, we aimed to determine the maxirmun
period possible for incubation in human prion infection
and to investigate genetic factors in recent patients with
lawris. The abrupt interruption of tfanstission of kur,
after the effective prohibition of cannibalism by Australian
authorities in the mid-1950s, allows a unique opportunity
to investigate the incubation period of infection as a key
variable in human prion diseage. Our findings of detailed
clinical features and mortuary feast practices will be
reported elsewhére.

Methods

Research ethics )

Our study was approved by the Papua New Guinea Medical
Research Advisory Conumittee and by the local research
ethics committees of St Mary's Hospital and National
Hospital for Neurology and Neurosurgery, in London, UK.
The full participation in the project {rorn the communities,
which was critical with respect to the ethics and operation
of the study, was established and maintained through
discussions with village leaders, cormmuniiies, families,
and individuals, and the field studies followed the
principles and praciice of tie Papua New Guinea Institute
of Medical Research.

Kuru surveillance and elinical studies

A field base and laboratory was established in Waisa in the
South Fore. A learn of local kuru reporiers communicated
details of any suspecied case to the field base. 50 suspect
cases investipated during this peried proved not to have
kuri. The field team consisted of staff from the UK Medical
Research Council (MRC), the Papua New Guinea Institute
of Medical Research, and local communities, who
undertock reguwlar field patrols throughout the kwru-

Sex  Yearof birth Onset Ageatonset Ageatdeath PRNP129 gemotype Minimumineubation  Likelyincubation
{years) [years) period {years)* pesiod (years)i
PEW F 1946 August, 1995 49 50 Hetzrozygous 35
YAK ] 1348 November, 1984 46 48 Heterezygous 34 39
MWK A 1433 April, 1996 63 54 Methionine homazygous 36 56
AKA M 1945 November, 1996 47 49 Heterorygous 36 40
AYA M 1936 Novermber, 3988 62 a3 nfa 38 55
TAM F 1945 Mazch, 1959 54 S5 Valine homozygeus 38
AYY M 1940, June, 1998 58 60 Heterozygous 33 ‘ 51
WKW M 1943 January, 1999 56 57. Heterazygous 39 40
MAA F 1944 Api, 19599 55 57 Heterozygous 39
ING F 1942 January, 2000 58 59 Heterozygous 40 )
KRW M 1943 Octeber, 2061 58 ] Heterozygous 41 51
Patients’ inlizfs are hased on name and coded. *Calculated congervatively as the number of years between 1660 and onsat of kuru {assuming latest possible exposure at mortuary feast in
1955}, This pericd would be an underestimate {in some cases of many years) of the actual incubatien perfod {measurad from the datethat Infection was actually 2cquired). The maximum
| incubation periad possible inThe evert of neonatal infection) would be the same asage at onset, 1Since male individuals were unbkelp o ba infacted 2fterage 6-8years, the likely
l minimum incubation periad tan be caleutated asthe number of years fron age 7years todisease onset, which s 2lso 2 conservative estimate, since actual infection could have taken plece
i [upto 7years) catlier, F=female. M=mzle. nfa=not available
Toble 1: Estimation of kuru incubation periods in 11 patients identified in current study
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Figure 1: Area and Fore graups histerically affected by kure inthe Eastern Highlands Province of Papua
New Guinea
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affected area, which included the North and South Fore,
Keiagana, Kanite, and Gimi linguistic groups. The
fieldworkers had to work under very difficult conditions
during the surveillance, and heavywvehicdle rescue
equipment znd a si-man team were needed at times to
proceed with the project. Security issues intermittently
affected our ability to travel to and from the field site.
Regular field neurclogical exarminations were done when
possible and recorded by video and pholography. Case
histories and patierns of exposure to mortuary feasts were
also documented.

Molecular genetic studies
We extracted genomic DNA front venous blood to

determine the complete coding sequence of PRNP |

(PP gene).® Papua New Guinean contral genotype data
were obtained by restriction endonuclease digestion of
PCR amplicons (for comparison with APOE [apolipo-
protein E]and PRND [Doppel, a prion-protein-like protein]
genes), and allelic discrimination with the ABI SDS7000
sequence detection systern (for comparison with codon
129 polymorphisms and haplotypes of PRNF. We
identified HLA-DQB1 alleles by automated fluorescent
sequencing of PCR amplicons using the Amersham
MEGAbzce DNA analysis system (Amersham, UK),

Role ofthe funding source

"The sponsor of the study had no role in stady design; data
collection, data analysis, data interpretation, or writing of
the report. The corresponding awthor had finll access to ail
the datz in the study and had final responsibility for the
decision o submit for publication.
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Results

The total number of cases of kuru from 1957 to 2004
exceeded 2700, with more than 200 dying every year in the
late 1950s. This number fell to about six a year in the early
1990s and between one and two a year during the study;
since July, 1996, we identified- 11 kuru patients up to the
end of June, 2004,

-~ "Table 1 shows the ages at onset of all 11 patients in the

study, Age might not be accurately known or reported by

individuals in these communities, but can be reliably

and accurately estimated by reference to family

relationships and cleasly defined recent historical
events." Figures 1 and 2 show the area and populations

historically affected by kuru, All patients identified in

the current study were from the South Fore, now that

kuru has disappeared from the North Fore and adjacent

linguistic groups (figure 2).

On the basis of a conjunction of experimental,
epidemiological, and human behavioural evidence,” we
can assume that all ransmission through the traditional
mortuary practce had ceased by 1940, The practice had
been important to the Fore people 25 a way of respecting
their dead yelatives, but it was rigorously forbidden by
Australian Government officers in onte of their first acts of
administrative contro]l after making contact with the
people, when the Okapa patrol post was established in
1954, Public consumption of dead relatives ceased almost
imwmediately and compliance was ensured by the police
force responsible for the subdistct. By 1956,
endocannibalism was effectively gone. Swireptitious
eating of dead relatives had been reported in remote
communities for some years afterwards, but by the end of
the 1950s the practice had ended. Epidemiological
surveillance for kuru began in 1957 and has been continued
ever since. Because of the wide geographica] extent of the
farnilies participating in a feast, secret feasting with entire
families taking part would not have gone undetecied. The
cormunities of the North Fore, who had been the first of
the Fore peovle to lose their traditional practices in the
wake of Ausiralian administrative conbrol, ended their
mortuary {easting at the beginning ol the decade or earlier;
kuru is no longer preseni in this area. The latest year of
Dbirth recorded for any patient with kuru is 1959; only nine
patients are recorded as being born since 1956. These
individuals were mostly young patients and their ages at
onset could have been underestimated by a few years.
Therefore, for praciical purposes, we can assume that all
transmission through the traditional mortuary practices
had ceaged by 1960.

Therefore, we could define the minimum incubation
period as the Hime between 1960 and the date of onset of
ot {table 1). For patients born in eatlier decades, the
actual incubation could be much longer; however, since
the infecting event can never be known, all individuals
alive during the period when consumpton of dead
relatives’ bodies was universally practised must be
regarded as being at risk.
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Figure 2: Individual patients with kuru recorded during the Syears immediately after cessation of endecannibalism (1957-61), after 20 years (£577-81), and in the current study

(1996-2004)
Patients pfotted by village of residence. Blatk squares indicate towns.

After the age of 6-8 years, boys were taken from their
mothers and brought up in the men’s house. From this
point on, they were exposed only to the same risk as

adult men, who participated little in feasts and did not

eat the brain, by far the most infectious organ in kwu.
This practice can explain why adult men in 1957-58
contributed only 2% to the total number of kuru cases;
and from what we now know about the incubation
period, most would have been from transmissions in
their childhood. Therefore, we can estimate that the
likely incubation period of the male patients identified
in this study began at about age 7 years, lasting up to the
age of onset (table 1). These projections are less robust

PRNP APOE PRND 174 HLA-DQBL
haplotype gerotype
PRW AF E2E3 MT *050302/*0602
YAK AR E2,E3 MT “0401{NR
AWK FF E3,E3 i 0502014050291
AKA AF £4,E4 wMT “056301/030101
AYA nfz nfa nfa nfa
TAM AR E3,£3 T *0602/* 0602
AYY AF E3.£3 k13 050304/0602
WKW AF E3.E3 T *0602{*0602
MAA AF EE3 LEl *050301/"0662
INO AF E2,E4 H) *050301/* 0602
Kaw AflorAlF  E3E4 s *050301/*0602
Patient’s initials are based on name and coded. NR=alltle notrecognised. nfaznot
available. MT=methionine-threanine heterozygous, APOE, PRND 174, and HLA-DQBI are
genetic loci implicated in human prion disease susceptibility.
Table 2; Genetic anzlysis in kuru patients identified in curcent study I
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than the minimum estimates, but nevertheless are
potentially real and should not be ignored in any
consideration of the incubation period of hwman prion
diseases. ]

DNA was available for genetic analysis from ten of
11 patients with kuru {table 2). Eight patients were
heterozygous at the polymorphic residue 129 of PRNP.
In 140 unrelated healthy individvals from the South
Fore, allele frequencies at the PRNP residue 129 were
48% methionine and 52% valine. Although most of the
kuruo cases with long incubation periods were
heterozygous (as expected), this distribution did not
differ from the current frequencies of the control
population {y? test, p=0-22), The PRNP B haplotype has
been associated with susceptibility to sporadic CJD in
the UK," and PRNP haplotyping was also done in these
patients and in the healthy Fore population (table 2).
Although the analysis had a small sample size, PRNP
haplotypes of kuru patients with long incubation periods
did not differ significantly from the healthy South Fore
population (y2 test, p=0.85}. For other genetic loci
implicated in human prion disease susceptibility
{ERND,** APOE*” and HLA;"" table 2}, these alleles
for Jauru patients with long incubation periods also were
not significantly different from the healthy population in
the South Fore.

Discussion

The eatly clinical, epiderniological, and anthrapological
study of kury; the recognition of its neuropathological,
and then causal parallels to ovine scrapie;” and then
crucially, the experimental transmission of the disease
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to primates,” originated the concept of the human
transmissible spongiform encephalopathies, which was
followed in turn by the eventual unifying concept of the
marmmalian prion diseages. However, in addition to the
central historical importance of kuru, study of the end-
“stage of this epidemic offers a unique opportunity o
study the variables of 2 near-complete epidemic of

human prion disease. In particular, recognition of the -

incubation periods possible after natural prion infection
in people is important in providing an jnsight-{from
actual case histories rather than from mathematical
models) into the probable span of the vC]D epidemic in
the UK, Although estimation of kuru incubation periods
early in the epidemnic was difficult, and the timing of the
actual infecting event for an individual can rarely be
determined, the abrupt and permanent interruption of
the source of infection, endocannibalism, in the late
1950s, has progressively allowed recognition of an
enormous span of possible incubation periods, at its
shortest extreme bracketed by the rare onset of disease
in children as young as 5 years and extending up to (and
perhaps beyond) the incubations covering more than
half a century, as we describe here.

In our field studies, we have intervicwed many
individuals who participated in traditional mortuary
feasting or who described the participation of family
members from the preceding generation. These detailed
descriptions will be published elsewhere but have

reaffirmed the oral histories of endocannibalism in the

Fore recorded previously™™ and that this practice
ceased abruptly at the time of Australian administrative
control over the kuru areas. Although isolated events
might have occurred for a {ew years after this prohibition,
we are confident that new exposures of individuals to
kuru at mortuary feasts would not have ocecurred after
1960. Not only have no cases of kuru been recorded in
people bom after 1959 (and only nine were recorded in
those boxn after 1956); but also all the 11 last recorded
cases of kury that we report here were born before 1950.
If any source of infection remained, whether fiom
surreptitious canmibalism, possible ground contam-
ination with hurnan prions at sites where food was
prepared, or other lateral routes, we would expect
individuals born after this period to have kuru—
especially since children are thought to have had shorter
incubation periods than adults. However, no such cases
have been observed.

Additionally, 2lthough a fraction of hamster-adapted
scrapie prions have been shown to survive in soil for at
least 3 years” the mortnary feast practices (during
which the entire body would be consumed) were
undertaken so that any substantial contamination of
soil would not have occurred, and traditional bamboo
knives and leaf plates were bummed after the feast.
Furthermore, no clusters of kuru cases, as seen earlier
in the epidemic,* have been recorded for many years.
We have also reviewed the assertion thal maternal
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transmission of kuru did not occuy, and saw 1o evidence
for maternal transmission from kure archives,
interviews of colleagues who have practised medicine
in the Fore, or local oral history. Again, any possible
vertical route of kuru transmission would have resulted
in the presence- of kuru in children born after 1960,
especially since kuru was common in women of
Ehi]dbearing age; no such cases have occurred.

With respect to extrapolation of incubation peviods of
BSE prion infection in people, we should recognise that
the kuru epidemic arose from intraspecies recycling of
infectious prions. However, wransmission of prions
between different mammalian species is associated with
a species barrier, which is better described a5 a
transmission barrier, beceuse of the fmportance of
within-species prion strain type, in addition to species-
specific differexices in its determination.” The biological
effects of such a barrier are: extended mean incubation
period; increased spread of incubation periods in
individual animals; and reduced attack rate {in which
only a fraction of inoculated animals will suceumby, by
comparison with the 1009 mortality generally associated
with within-species inoculation with  high-titre
infectivity, Incubation periods approaching the natural
lifespan of the inoculated species are often seen in such
primary cross-species transmissions of prions. Second
and subsequent passage of prions within the new
gpecies is always associated with adaptation favolving a
considerable shortening of the mean and spread of
incubation periods and high or total lethality to high-
titre inocula. Thus, estimation of the range of possible
incubation periods in human BSE infection needs
superimposition of the effect of 2 transmission barrier
onto these findings of matural human incubation
periads.

The mean incubation peried for kuru has been
estimated to be around 12 years,” with a similar estimate
in iatrogenic CJD associated with the use of human-
cadaver-derived pituitary growth hormone.” As shown
here, maximum incubation periods in kuru can exceed
50 years. The transmission barrier of BSE between cattle
and human beings is unlnown and cannot be directly
measured. However, the cattle-to-mouse barrier for BSE
has been well characterised experimentally by
comparative endpoint tifration. BSE prions transmit
readily lo laboratory mice, including after oral dosing.”
The rnurine LDy, (lethal dose causing 50% mortality) in
C57Blj6 mice is about 500-fold higher than that in
cattle;” this barrier also results in a three-fold to four-
fold increase in mean incubation period?” Mean
incubation periods of human BSE infection of 30 years
or more should therefore be regarded as possible, if not
probable,” with the longest incubation periods
approaching {and perhaps exceeding) the typical human
lifespan. The shortest incubation periods in kuru were
estimated from the age of the youngest patients—
suggesling that the shortest incubation peried was
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4-5 years. Similarly in vCJD, although the total clinical
caseload so far has been small, the youngest onsets of
vC]D have been at age 12 years or above, providing an
early estimate of a minimum incubation period.

Furtherinore, prion disease in mice follows a well-
defined course with a highly distinctive and repeatable
incubation time for a specific prion strain in a defined
inbred mouse line. In addition to the PrP gene, a few
additional genetic Joci with a major effect on incubation
period have been mapped.*™” Huran hornologues of
such loci could be important in human susceptibility to
prion disease, both after accidental human prion
exposure and after exposure to the BSE agent. By
definition, patients identified so far with vC]D are those
with the shortest incubation periods for BSE. These
patients could have veceived an especially high dose of
BSE prions. However, no unusual history of dietary,
occupational, or other exposure.to BSE has been reported
from cage-control studies. Because of the powerful
genelic effects on incubation peried in laboratory
animals, vCJD patients identified could represent a
distinet genetic subpopulation with unusually short
incubation periods to BSE prions, with vC]D so far
occurring predominantly in those individuals with short
incubation time alleles at these multiple genetic lodi, in
zddition to having the homozygous PRMP genotype of
codon 129 methionine, Therefore, a human BSE
epidemic may be multiphasie, and recent estimates of
the size of the vC]D epidemic based on uniform genetic
susceplibility could be substantial underestimations.*""
Genes implicated in species-barrier effects, which would
further increase both the mean and range of human
BSE incubation periods, are also probably relevant. In
this context, a human epidemic will be difficult to
aceurately model until such modifier loci are identified
and their gene frequendies in the population can be
measured.!

Heterozygosity at PRNP codon 129 is a major
determinant of susceptibility to and incubation time of
hurman prion diseases.’”* As expected, most of these
recent kuru cases with extended incubation periods
{eight of ten) were heterozygotes. We have reported
previously that most elderly survivors of exposure to
traditional mortuary feasts are heterozygous.® Although
the stady included a small number of patients with
Juru with long incubation periods, we saw no evidence
of association with PRNP haplotype," HILA-DQ7"
APOE* or PRND alleles.”
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