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Poxvirus Viability and Signatures
in Historical Relics

Andrea M. McCollum, Yu Li, Kimberly Wilkins, Kevin L. Karem, Whitni B. Davidson,
Christopher D. Paddock, Mary G. Reynolds, and Inger K. Damon

Although it has been >30 years since the eradication
of smallpox, the unearthing of well-preserved tissue mate-
rial in which the virus may reside has called into question
the viability of variola virus decades or centuries after its
original occurrence. Experimental data to address the long-
term stability and viability of the virus are limited. There are
several instances of well-preserved corpses and tissues
that have been examined for poxvirus viability and viral
DNA. These historical specimens cause concern for poten-
tial exposures, and each situation should be approached
cautiously and independently with the available information.
Nevertheless, these specimens provide information on the
history of a major disease and vaccination against it.

hinese writings from 1122 BCE contain references to

smallpox-like disease, and it has been hypothesized
that smallpox caused the death of Ramses V in Egypt in
~1157 BCE because poxvirus-like lesions were seen on the
mummy (/,2). The most recent epidemics of smallpox oc-
curred through the 1900s, and the last naturally occurring
case of smallpox was seen in Somalia in 1977 (3). His-
torical tissue specimens and artifacts yield useful informa-
tion about the history of and vaccination against smallpox.
However, the absolute viability of poxviruses in well-pre-
served samples has not been determined. Thus, it is not
known what risks these artifacts might pose to persons who
come into contact with them.

Smallpox is caused by variola virus (genus Ortho-
poxvirus). lllness is characterized by 3 phases: incubation,
prodrome, and rash. The incubation phase is ~10—14 days.
During the prodromal period, which lasts 2—4 days, per-
sons with smallpox typically have fever, malaise, vomit-
ing, headache, backache, and myalgia. The rash phase can
be moderate or severe and is characterized by a centrifugal

Author affiliation: Centers for Disease Control and Prevention,
Atlanta, Georgia, USA

DOI: http://dx.doi.org/10.3201/eid2002.131098

distribution of lesions in the same stage of development
(Figure 1) in any 1 area of the body. Lesions, including
their crusts, contain infectious virus through all stages of
the rash. Thus, contact with infectious lesion exudate and
tissue (including crusts) can result in virus transmission.
However, the most common route of transmission is in-
halation of infectious respiratory droplets. Patients who
survive an infection often have life-long scarring, and
they maintain some level of immunity to orthopoxvirus
infection (/,4,5).

Elimination and eradication of smallpox were feasible,
in part, because there is no animal reservoir for variola vi-
rus. The World Health Organization (WHO) announced
worldwide eradication of smallpox in 1980. Successful
eradication was accomplished by vaccinating popula-
tions and contacts of ill persons with live vaccinia virus,
a closely related orthopoxvirus that confers immunity to
variola virus. Once smallpox was eradicated, WHO recom-
mended that routine vaccination be discontinued and that
the vaccine be used only for select groups at risk for ex-
posure to orthopoxviruses. Thus, persons born after 1980
are likely to not have residual immunity (/,6). Intentional
arm-to-arm transfer of virus by dried scab or lesion exudate
from a recent vaccinee was common in nineteenth century
Great Britain (7). Crusts were collected, stored, and sent
to others to aid vaccination before mass production and
distribution of vaccine stocks. Scab material from patients
with smallpox was often used for variolation, the practice
of deliberately infecting a person with smallpox to (hope-
fully) induce a mild infection and subsequent immunity.
Variolation continued into the twentieth century in some
regions (7).

Present-day stocks of variola virus are maintained at
2 WHO reference laboratories: the Centers for Disease
Control and Prevention (CDC) (Atlanta, GA, USA) and
the State Research Center of Virology and Biotechnol-
ogy (VECTOR) (Koltsovo, Russia). There is concern that
if variola virus is present outside these 2 laboratories, its
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Figure 1. Patient with smallpox. Photograph by Jean Roy, provided
by the Public Health Image Library, Centers for Disease Control
and Prevention, Atlanta, GA, USA.

accidental or intentional release could cause illness in a
population increasingly composed of unvaccinated per-
sons. Anecdotal reports and formal scientific evidence
have not ruled out the possibility that the virus may sur-
vive prolonged periods in preserved skin and tissue mate-
rial, such as those that might be on display in museums,
or in unearthed human remains. For example, permafrost
is an environment that closely mirrors laboratory freezer
storage of live virus, and the maintenance of viable small-
pox virus in human remains found in such an environment
has been debated (8). Environmental contamination with
potentially live variola virus recovered from historical
relics could threaten our confidence that the disease has
been eradicated. In addition to immediate public health
concern about such relics, there is much to be gained from
investigation of artifacts in terms of scientific and histori-
cal interests.

We reviewed experimental data that address virus
longevity in a variety of environments. There are several

178

accounts of historical smallpox specimens in the form of
unearthed remains and lesion crusts. The Poxvirus Labora-
tory at CDC recently reviewed this data and reexamined
specimens from the inventory to revisit the existence of
sections of intact DNA by using more modern methods.
We also address the role of public health and scientific in-
terest in such specimens.

We found published articles by searching PubMed for
material on virus viability and historical specimens. Search
terms included viability smallpox, viability variola, viabil-
ity orthopoxvirus, and smallpox and corpse. References
from articles that cited previous work on virus viability or
historical specimens were also reviewed. Studies were also
included if they contained experimental data on the viabil-
ity of an orthopoxvirus on fomites or preserved tissue mate-
rial (e.g., crusts). Studies or reports on historical specimens
were included if there was suspicion of variola virus.

Existing specimens at the CDC Poxvirus Laboratory
(tissues from Egypt, Italy, and England) were reexamined
by using modern molecular techniques. In addition, we
examined newer relic specimens (tissues from Kentucky
and New York, New York, and crusts from Virginia, New
Mexico, and Arkansas) for molecular signatures of pox-
viruses. Non-variola orthopoxvirus DNA signatures were
amplified by using real-time PCR (9).

Experimental Data

The infectiousness of preserved skin and tissue mate-
rial from patients with smallpox has been a matter of con-
cern, particularly as worldwide smallpox eradication was
achieved (/,/0-12). Circumstantial evidence had long
placed infectious fomites as the cause of many outbreaks;
however, there is little evidence that fomites were a fre-
quent cause for disease transmission (/3—15). Nevertheless,
smallpox lesion material is infectious, and it is conceivable
that such material was present on fomites, such as clothing,
linens, and letters, and that those fomites were responsible
for transmission of variola virus (/5,16).

During the smallpox era, one source of live virus was
lesion crusts or scabs. Crusts were successfully used for
variolation in many areas before vaccination with vaccinia
virus. Virus content in crusts is not correlated with the vac-
cination status of the patient, severity of illness, or time
during the course of infection (/7). Thus, crusts from any
patient with smallpox could harbor infectious virus. Exper-
imental studies on the infectiousness of lesion crusts, spe-
cifically in preserved specimens, are limited. However, a
few experimental studies share some common conclusions
about the infectious nature of crusts (Table 1).

During smallpox outbreaks in the 1940s, Downie and
Dumbell (/8) tested dried crusts and vesicle fluid that were
obtained from patients with smallpox (vesicle fluid was
dried on glass slides before examination). Specimens were

Emerging Infectious Diseases * www.cdc.gov/eid « Vol. 20, No. 2, February 2014



Table 1. Viability of infectious variola virus in various materials*

Poxvirus Viability and Signatures in Relics

Study, year, (reference) Type of material

Maximum storage time viable

Storage conditions virus was recoveredt

Downie and Dumbell, 1947 (18) Lesion crusts Room temperature, exposed to 196 d
daylight
Room temperature, kept in dark 417 d
Refrigerated and then room >196 d after refrigeration, >341
temperature, exposed to light d total)
Refrigerated and then room >196 d after refrigeration, >341
temperature, kept in dark d total)
In a vacuum over calcium 782d
chloride
Saline extract of crusts Refrigerated 432d
Vesicle fluid on glass slides Room temperature, exposed to 35d
daylight
Room temperature, kept in the 84d
dark
Vesicle fluid diluted in broth Refrigerator 270d
MacCallum and McDonald, Crusts embedded in raw cotton Room temperature, indirect light 530d

1957 (19)

30°C, kept in the dark, 58%,
73%, and 84% relative humidity

70, 70, and 60 d, respectively

Wolff and Croon, 1968 (20) Crusts Room temperature, kept in an 4,745d (13 y)
envelope

Hugq, 1977 (21) Crusts 35°C, 65%—68% relative 21d
humidity

26°C, <10% and 85%-90%
relative humidity

84 and 56 d, respectively

4°C, 10% and 60%—-62% 112d
relative humidity
-20°C 112d
Rao, 1972 (15) Vesicle fluid on glass slides Direct sunlight <1h
Vesicle fluid in capillary tubes Direct sunlight <2h

*Specimens from patients with smallpox were used for all studies.

1For several studies, this is the last sampling time point and either no material was left to continue the experiment or no further samplings were

conducted.

stored at room temperature and sampled at regular inter-
vals. Viable virus was detected from vesicle fluid contained
on a glass slide stored in daylight for <35 days and in the
dark for <84 days. Moreover, crusts that had been stored
for 417 days at room temperature and for 432 days in a
refrigerator also contained viable virus. Further testing was
not possible because of insufficient crust material. Never-
theless, that study was one of the first to show that viable
virus could be isolated from patient material many months
after collection and that optimal storage likely included
dark and cool conditions (/§).

In the mid-twentieth century, there was concern for
inadvertent importation of variola virus into Great Britain
in raw cotton shipped in from tropical areas (22). Suspi-
cion was raised for this vehicle of importation after out-
breaks occurred in British workers who handled raw cot-
ton. An experiment was conducted to test the viability of
variola virus derived from smallpox lesion crusts found
in imported raw cotton (/9). Viable virus was obtained
<530 days from crusts stored in indirect light at room tem-
perature. Crusts stored at higher humidity (73% and 84%)
were viable until 70 and 60 days, respectively. Similar
results were obtained from a study in Bangladesh, which
found viable virus could be isolated from crusts stored at
lower temperatures (2/). However, crusts stored at higher

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 20, No. 2, February 2014

temperatures and humidity did not retain viable virus after
several weeks or months (21).

Wolff and Croon (20) conducted the longest study of
variola viability in crusts from smallpox patients. For the
study, crusts were collected from patients, individually
placed in envelopes, and stored at room temperature. Via-
bility of virus in these crusts was tested yearly for 13 years.
Although the number of viable particles decreased with
time, live variola virus was isolated from crusts 13 years
after their initial storage. The experiment was discontinued
after 13 years because crust specimens were depleted.

Further examination of variola virus viability on cloth-
ing and other objects indicated that the virus is not viable
after exposure to direct sunlight for 30 min to 3 h; even
indirect sunlight had an effect on viability (/5). Although
experimental studies have not yielded a well-defined pe-
riod at which viable variola virus can survive in a preserved
state (either deliberate experimental preservation or part of
the natural process of tissue preservation), there is an over-
riding conjecture reached by these studies. If stored in cool,
dry, and dark conditions, variola virus can survive in lesion
crusts or tissues for months or years. Because each histori-
cal specimen and account is unique and the circumstances
of preservation differ, it is essential to test suspicious speci-
mens for viable variola virus.
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Historical and Scientific Accounts of Specimens
There have been several published and unpublished
reports of suspected smallpox specimens surfacing since
eradication (Table 2). Some reports involve scabs or crusts,
and others involve entire corpses. These specimens offer
an illuminating glimpse into the past, but their presence
may also cause some concern for public safety in the event
that any of these specimens contain viable variola virus.

We present the historical and scientific accounts of each
of these specimens with their respective laboratory results,
which represent published and more recent data from the
CDC Poxvirus Laboratory.

Corpses
An anecdote from eighteenth century England de-
scribes an outbreak of smallpox believed, at the time,

Table 2. Historical artifacts tested for variola virus and other viruses

Laboratory testing*
Evidence by Human
Location, date of origination, description of the  Live virus electron Viral DNA DNA
artifact (date discovered) isolated microscopy isolated isolated Other testing
Egypt, 1157 BCE, mummy of Ramses V with No (2) No (2) Not Not Viral particles and faint
lesions; lesions were present in a centrifugal immunologic reactivity
distribution and had an appearance similar to with variola antibody;
smallpox (1898, 1979) negative
radioimmunoassay
result for smallpox (23)
Egypt, 1200—1100 BCE, piece of skin from male Portion of skin did not
mummy with a typical smallpox rash (1911) show definite pathologic
characteristics of
smallpox (24)
Italy, sixteenth century, corpse exhumed froma  No (25) Yes (25,26) No, by molecular Not Orthopoxvirus antigens
crypt; lesions were umbilicated, monomorphic, hybridization not detected by
and in a centrifugal distribution (1986) (29); no, by DNA hemagglutination or
isolation and enzyme immunoassay
real-time PCRt (25)
Canada, 1640-1650, bones from an adult man Bone analysis result
located in a burial plot on Native American was consistent with
land; the tribe was known to have had a osteomyelitis variolosa
smallpox epidemic in 1634 (1966) (27)
Russia, late seventeenth to early eighteenth Yes, variola
centuries, corpses exhumed from permafrost; 1 virus—related
grave had multiple bodies and evidence DNA (28)
suggested quick postmortem burial; samples
were analyzed from 1 corpse (2004)
England, 1729-1856, piece of skin with lesions  No (29) Not Not
attached to a skeleton exhumed from a crypt
(1985)
Russia, nineteenth century, corpses in No (30)
permafrost recovered during flooding; corpses
were from an area of a smallpox outbreak in
the nineteenth century (1991)
Kentucky, USA, 1840-1860, mummified Not Not*
remains of a body with lesions discovered at a
construction site (2000)
New York, New York, USA, City, mid-1800s, Not Not Not Yes, from a
mummified remains of a body with lesions tootht
contained within an iron coffin discovered at a
construction site (2011)
Virginia, USA, 1876, scab from the arm of an Not Yes, non-variola Yest
infant to be used for community vaccination; Orthopoxvirus
found in letter sent from son to father in DNAt
Virginia; scab was on display at a museum
(2011)
New Mexico, USA, late nineteenth century, Not Yes, non-variola Not
scabs from vaccination sites contained in an Orthopoxvirus
envelope, which was contained within a book DNAt
(2003)
Arkansas, USA, 1871-1926, suspected Not Not Not

smallpox scabs on display at a museum (2004)

*Published laboratory results are accompanied by the reference (number in parentheses).

tPreviously unpublished results.
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to be caused by exposure to a long-buried corpse. The
grave of a person with smallpox who died 30 years earlier
was unearthed in the process of preparing a second grave
nearby, and several of the funeral attendees became ill
with smallpox (/2,31). Whether these grieving attendees
contracted smallpox from the graveside or from another
ill person in the community, a likely occurrence during an
outbreak, is unknown. However, occupationally derived
smallpox infections beset mortuary workers and those
who had close contact with bodies of deceased patients
with smallpox. In these cases, the disease was likely con-
tracted by contact with virus in or on the corpse or on
contaminated clothing or linens (/9,32). These infections
may have occurred because of exposure to a recently de-
ceased patient with smallpox, but a question remains with
us now: can live virus be maintained in well-preserved
ancient corpses and mummies?

Egyptian Mummies—Twelfth Century BCE

An early examination of evidence for variola virus
was conducted on a piece of skin from a male mummy
housed at the Cairo Museum of Antiquities. The mummy
had vesicular cutaneous lesions distributed in a pattern
characteristic of smallpox. A portion of skin processed
for light microscopy did not show definitive pathologic
characteristics of smallpox. However, these ancient tissues
were not ideally preserved for histological examination
(24). The discovery of lesions present in a typical distri-
bution on the mummified body of Ramses V implicated
smallpox as the young pharaoh’s cause of death and shed
new light on ancient Egyptian history, as well as that of
variola virus (2). Centuries after his death, skin taken from
the shroud of the mummy of Ramses V showed some viral
particles and had faint immunologic reactivity (23); how-
ever, the sampling method was noted to have potentially
been flawed and no live virus or viral DNA was isolated
or amplified from specimens (2). Human DNA was also
not detected in these specimens. Thus, although there is no
laboratory data to firmly support a postmortem diagnosis,
the visual appearance was suggestive of a variola infection
before his death (2).

Archeologic Excavations

There have been 2 examples of corpses exhumed from
crypts during archeologic excavations in the twentieth
century. In both examples, the corpses had what were de-
scribed as typical variola lesions, and the bodies had been
contained in cool, dark environments. No live virus, vi-
ral DNA, or human DNA remained within these corpses.
However, a corpse from sixteenth century Italy showed im-
munologic electron microscopy results that were consistent
with those expected for orthopoxvirus infection (25,26,29).
An archeologic excavation of a known Native American
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grave site (1640-1650) in Ontario, Canada, recovered
bones from an adult male. The bones had visual scarring
and an appearance consistent with osteomyelitis variolosa,
a disease manifestation of smallpox in the bones and joints.
On the basis of extensive document review and bone analy-
sis, the investigators determined that the person likely had
smallpox before 1639 and survived the infection with long-
term osteomyelitis variolosa (27).

Permafrost in Russia

Two corpses with questionable lesions and that had
been contained within permafrost in Siberia have been
unearthed: one was unearthed naturally during flooding,
and the other during an archeologic excavation. Dating of
the corpses to the late seventeenth or early eighteenth cen-
tury matched with written accounts of smallpox epidem-
ics in the local communities for one of the sites, but no
live virus was obtained from these remains (28,30). The
more recent archeologically excavated corpse was sampled
as soon as graves and mummified remains were exposed
to the surface. The corpse yielded DNA closely related to
more recent variola virus specimens. This finding provided
further insight into the strain of variola that was circulating
in northeastern Siberia during the late seventeenth or early
eighteenth centuries (28).

Construction Sites in Kentucky and New York,
New York, USA—Nineteenth Century

There are 2 accounts of remains with suspicious le-
sions that were accidently unearthed during construction
at a burial site. In 2000, mummified remains were discov-
ered at a construction site in Kentucky. No live virus or
viral DNA was isolated from these remains. More recently
in 2011, the remains of a woman buried in an iron coffin
were uncovered during construction at a known African-
American cemetery in New York, New York. Preservation
of the body was remarkable because of the airtight envi-
ronment provided by the iron coffin (33). The presence
on the body of lesions with the characteristic deep-seated,
umbilicated appearance and in a centrifugal distribution of
smallpox lesions immediately prompted concern for un-
earthed smallpox (Figure 2). No live virus or viral DNA
was isolated from or visualized in any of multiple speci-
mens taken from the body and evaluated by cell culture,
molecular methods, or immunohistochemical stains. Hu-
man DNA was isolated from a tooth pulp specimen. Thus,
the results do not conclusively verify the hypothesis of
smallpox as the cause of death. However, visual inspec-
tion cast little doubt on this hypothesis.

Crusts from Patients

Some accounts from the eighteenth century report that
material used in variolation (often scab material) was stored
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Figure 2. Mummified remains of a woman buried in an iron coffin,
New York, New York, USA, mid-1800s. Photograph provided by
Don Weiss.

for <8 years before successful use (34). Thus, long-term
storage and subsequent use of variola virus from preserved
specimens have long been recognized. However, during the
era of eradication, 45 scab specimens were collected from
variolators and tested 9 months after collection; live virus
was not isolated from any of the specimens (35). Neverthe-
less, stored crusts have caused immediate concern for po-
tential exposures and their discovery has caused immediate
exposure mitigation and testing.

In the past 10 years, suspected variola crusts have been
discovered in the United States on 3 occasions. In Virginia,
a crust labeled as a smallpox scab was on display at a mu-
seum and was accompanied by a letter describing its origin
(Figure 3, panel A). The letter and crust were sent from
1 family member to another in Virginia in 1876, and the
correspondence stated that the crusts came from the arm of
an infant and were to be used to vaccinate others. No live
virus was isolated from this crust. However, non-variola
orthopoxvirus DNA and human DNA were successfully
extracted. This rare letter and scab are evidence to support
arm-to-arm vaccination in the United States around the
same time that it was also performed in Great Britain (7).

A second incident of suspected smallpox scabs on
display at a local museum occurred in Arkansas (Figure
3, panel B). These relics were donated by the family of a
physician who practiced in Arkansas during 1871-1926.
In 1905, there was a large smallpox outbreak in Arkansas
(36). No live variola virus, viral DNA, or human DNA
were isolated from the specimens. The crusts were affixed
to blocks of wood with a dense resin, and the resin may
have been inhibitory to the PCR or DNA stability. The ori-
gins and species of these specimens will continue to remain
a mystery.

In 2003, a librarian in New Mexico opened a book and
an envelope containing lesion crusts fell out of the book
(Figure 3, panel C). The envelope was labeled “scabs from
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vaccination of W.B. Yarrington’s children,” and the book
was dated 1888. Similar to the relic from Virginia, no live
virus was isolated from this material, but non-variola or-
thopoxvirus DNA was isolated. In this instance, human
DNA was not amplified. The question of precisely what
virus was used in vaccination in the United States in the
nineteenth century is intriguing from the perspective of his-
torical significance and the evolution of orthopoxviruses.

Public Health

Historical specimens come to the attention of public
health authorities when there is a perception that they may
constitute a potential risk to those who are handling or may
have handled the artifacts. This concern extends to specific
groups of persons who might work routinely with historical
specimens, including archeologists and museum archivists,
as well as those who may stumble upon these specimens
on an irregular basis, such as construction workers or the
general public. Although live variola virus has never been
isolated from historical tissues, this finding does not elimi-
nate the possibility of live variola virus resurfacing from
well-preserved tissue material (/0,/2). Moreover, variola
virus has been absent for >30 years, and there is an increas-
ingly large population of susceptible persons who have
never been vaccinated against smallpox.

The discovery of a series of corpses and mummies
with suspected smallpox lesions in the late 1970s and
1980s sparked a series of commentaries over the risks to
archeologists and anthropologists and the potential need
for vaccination of workers (/9,23,33,34). This proposi-
tion has been hotly debated, and opponents have argued
that live variola virus has never been isolated from arche-
ologic specimens and that live virus vaccination carries
its own risks. This debate underscores the lack of firm sci-
entific evidence to enable an informed assessment of risk
to those who come into contact with artifacts and relics
potentially contaminated with variola virus. The inability
to exclude the possibility of risk led to the vaccination of
3 archeologists who handled a corpse with suspect lesions
in London in 1985 (29). Current recommendations from
the Advisory Committee on Immunization Practices do
not specifically address vaccination for those who work
with antiquities, including corpses and tissue material (6).
Although routine vaccination is not recommended, pru-
dent preparation and recognition of potential smallpox
relics is advised for those who work with potentially con-
taminated tissues and corpses (29).

If a suspected smallpox relic or body of a person who
died of smallpox has been discovered, local and state pub-
lic health departments are an excellent resource. Public
health officials can work closely with those who have
handled any suspect artifacts, determine risks, help miti-
gate concern, and arrange for appropriate testing. Testing
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can be performed on a suspected specimen to definitively
determine if live virus is present. The WHO smallpox
reference laboratories can perform these tests and have
successfully participated in inquiries involving historical
specimens (Table 1).
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Figure 3. Recovered crusts. A) Lesion crust material from Virginia,
USA, photographed after gamma irradiation. Photograph by James
Gathany. B) Lesion crust material from an envelope contained within
a book, New Mexico, USA, nineteenth century. Photograph by
Russell L. Regnery. C) Lesion crust material from a jar on display in
a museum, Arkansas, USA. Photograph provided by Erin Goldman.
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Conclusions

Aside from immediate public health concerns sur-
rounding a suspected smallpox specimen, historical cases
help highlight disease history in terms of the society and
patient in question. Historical specimens might also help
explain the history of smallpox epidemics and vaccine de-
velopment. Recent exhumation of a corpse from perma-
frost in Siberia led to sequence characterization of an older
strain of variola virus, which shed light on the evolutionary
history of the virus (28).

Today, the smallpox vaccine consists of an intradermal
inoculation with vaccinia virus, and the premise and meth-
od of this vaccination has not changed since the time of
Jenner (7). However, the species of virus that Jenner used
to vaccinate persons is still debated (37). Irrespective of the
debate, most scientists agree that Jenner and generations
of persons since him have used an orthopoxvirus species
in vaccinations to confer immunity to smallpox. Accounts
of vaccination exist in historical records, but descriptions
of which virus was used, how it was used, and who was
performing procedures (e.g., physicians, communities) are
sparse. Thus, our understanding of the history of smallpox
vaccination is incomplete. Information obtained from his-
toric relics helps build an understanding and picture of vac-
cination before the twentieth century (7).

Modern molecular approaches can be used with histori-
cal specimens to confirm the presence of variola or another
orthopoxvirus and elucidate the evolutionary history of the
virus. Full genome, gene, or partial gene sequencing of iso-
lates enables investigating the history of 1 virus compared
with others. Long-term stability of smallpox virus DNA is not
well characterized. However, constant low temperatures, such
as those in crypts and permafrost, are believed to be key to the
stability of DNA molecules. Theoretically, DNA can survive
up to =1 million years in cold environments (38). Specific
characteristics that make orthopoxviruses stable and viable
over long periods are unknown. However, for viruses embed-
ded in tissue (such as those in crusts or skin specimens), it is
reasonable to postulate that being surrounded by a protein or
organic matrix may provide some protection to the virus.

Archival specimens offer opportunities to delve into
the past and capture a glimpse of the history of an eradi-
cated disease. There are no published reports of residual
live microbes found in archeologic relics. Furthermore,
on the basis of experiences in the past several decades,
risks for transmission of live organisms from such relics
would seem to be nonexistent; nevertheless, archeologic
specimens should be handled with caution. Each situation
should be approached independently and with vigilance
and attention. Special attention to the scientific value of a
specimen will yield useful data about smallpox and vacci-
nation history that might provide useful information about
the virus and affected populations.
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The insect microsporidian Anncaliia algerae was first
described in 2004 as a cause of fatal myositis in an immu-
nosuppressed person from Pennsylvania, USA. Two cases
were subsequently reported, and we detail 2 additional cas-
es, including the only nonfatal case. We reviewed all 5 case
histories with respect to clinical characteristics, diagnosis,
and management and summarized organism life cycle and
epidemiology. Before infection, all case-patients were us-
ing immunosuppressive medications for rheumatoid arthritis
or solid-organ transplantation. Four of the 5 case-patients
were from Australia. All diagnoses were confirmed by skel-
etal muscle biopsy; however, peripheral nerves and other
tissues may be infected. The surviving patient received
albendazole and had a reduction of immunosuppressive
medications and measures to prevent complications. Al-
though insects are the natural hosts for A. algerae, human
contact with water contaminated by spores may be a mode
of transmission. A. algerae has emerged as a cause of myo-
sitis, particularly in coastal Australia.
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Microsporidia is a phylum of eukaryotes that contains
almost 160 genera (/). Related to fungi, they are obli-
gate intracellular organisms that spread among hosts through
a spore stage (/). The microsporidian Anncaliia algerae, for-
mer genera Nosema and Brachiola, is an emerging human
pathogen that primarily infects insects (2—7). 4. algerae has
caused severe myositis in patients taking immunosuppres-
sive medication for rheumatoid arthritis or solid-organ trans-
plantation (3,5,8). It also has led to skin abscesses and an
infection of the false vocal cord in patients receiving chemo-
therapy for hematologic malignancies and caused keratitis in
a man with no significant medical history (2,4,6).

Two other species of Anncaliia are reported to cause
myositis in humans (9). A. vesicularum caused infection
localized to the skeletal muscle in a patient with HIV (9).
Another Anncaliia species, probably A. connori, led to dis-
seminated infection in an infant who had thymic dysplasia
and malabsorption syndrome (9,/0). Autopsy demonstrated
microsporidia in myocytes from the heart and diaphragm
and the muscularis of the gut and arteries (/0). Organisms
also were seen in the alveolar septae, renal tubular cells, and
parenchyma of the adrenal glands and liver (/0). Microspo-
ridia of the genera, Trachipleistophora, Pleistophora, and
Tubulinosema also can cause myositis in immunocompro-
mised hosts (//—17); the infection can be localized or part of
a disseminated infection. A recent case report from Thailand
described an infection caused by a novel microsporidia, re-
lated to Endoreticulatus spp, in the skeletal muscle, urinary
tract, and bone marrow of a previously healthy man (/8).

A. algerae myositis was first described in 2004 in a
patient from Pennsylvania, USA, who had rheumatoid ar-
thritis (3). Two patients in subsequent reports had histories
of lung transplantation, 1 with a recent renal transplantation
(5,8). We describe 2 additional cases of A. algerae myositis
in patients with histories of rheumatoid arthritis, including
1 who survived. Four of these 5 case-patients were from
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the east coast of Australia. We have reviewed all 5 case
histories with respect to clinical characteristics, diagnosis,
and management (Tables 1, 2) and summarized organism
life cycle and epidemiology.

Case Reports

We have designated persons with the cases of 4. al-
gerae myositis described here as case-patients A and B
and those with cases reported in 2004, 2012, and 2013 as
case-patients 1, 2, and 3, respectively (3,5,8). We reviewed
the medical records of case-patients 2 and 3 to obtain ad-
ditional information.

Case-patient A

In 2011, a 67-year-old man from coastal New South
Wales, Australia, sought care at hospital for an 8-week histo-
ry of watery diarrhea; weight loss; and increasing arthralgias,
fatigue, lethargy, and generalized myalgias. He had rheuma-
toid factor—positive rheumatoid arthritis that was diagnosed
when he was in his early twenties, with fluctuating joint dis-
ease, but no extra-articular involvement. Therapy preceding
the illness included long-term methotrexate (20 mg weekly);
leflunomide (20 mg/d), which was stopped 1 week before
he sought care at a hospital; prednisone (5 mg/d); etaner-
cept (antitumor necrosis factor a therapy) for 5 months; and
nonsteroidal anti-inflammatory drugs (NSAIDs). Serum cre-
atinine and liver function tests were moderately elevated.
The methotrexate, etanercept, and NSAIDs were stopped; he
responded to intravenous rehydration; his serum creatinine
normalized; and he was discharged after 3 days.

The man’s symptoms progressed, dysphagia devel-
oped, and he was readmitted to the hospital 2 weeks later.
He had generalized weakness in the upper and lower limbs

of Medical Research Council grade 3+ to 4, distal greater
than proximal, absent or reduced reflexes, and no clinical
sensory abnormalities. Mild peripheral edema was present.
He had mild glossitis but no mouth ulcers. He was noted
to be at significant risk for aspiration because of bulbar
muscle weakness and was not permitted to eat or drink by
mouth; nasogastric feeding was begun. Prednisone was in-
creased to 25 mg/d. His condition deteriorated despite 5
days of intravenous immunoglobulin for possible Guillain-
Barré syndrome, and he was transferred to a Sydney ter-
tiary referral hospital.

No cause for the diarrthea was found on fecal bacte-
rial culture; examination for ova, cysts, and parasites; and
modified trichrome staining for microsporidia (Table 2). A
pulmonary infiltrate was present on computed tomographic
(CT) scan. Results of magnetic resonance imaging of the
brain and spinal cord were normal. Neurophysiologic studies
showed reduced motor and sensory amplitudes and F wave
persistence; electromyography demonstrated marked fibril-
lations and positive sharp waves, with only a mildly reduced
pattern, suggesting mixed myositis and neuropathy.

An immediate vastus lateralis muscle biopsy was
performed. Light microscopy demonstrated a necrotizing
myositis with numerous ovoid spores (Figure 1). Electron
microscopy confirmed the diagnosis of microsporidial my-
ositis with features characteristic of 4. algerae (Figure 2).
DNA was extracted from the muscle biopsy specimen, and
part of the small subunit ribosomal RNA gene was ampli-
fied by PCR in accordance with a published method (35).
Sequence analysis was consistent with A. algerae.

Prednisone was reduced to 5 mg, and leflunomide was
washed out with cholestyramine. Albendazole (400 mg
2x/d), sulfadiazine (1 g 4x/d) and pyrimethamine (50 mg/d)

Table 1. Epidemiologic and clinical characteristics of Anncaliia algerae myositis case-patients*

Characteristic Case-patient A Case-patient B Case-patient 1 (3)  Case-patient 2 (5)  Case-patient 3 (8)

Age, y/sex 67/M 66/M 57/F 49/M 56/M

Residence Port Macquarie, Sydney, NSW, PA, USA Woolongong, NSW, Rutherford,
NSW, Australia Australia Australia NSW, Australia

Distance from residence <100 to golf course <100 to golf course ND <200 to coastal <100 to golf course

to open land, m woodland

Background illness RA RA RA, T2DM Lung Tx, T1IDM, CD Lung Tx, kidney Tx

Immunosuppression MTX, CS, LEF, MTX
ETN

Fever Yes Yes
Fatigue Yes Yes
Weight loss Yes Yes
Weakness Yes Yes
Generalized pain Yes Yes
Dysphagia Yes Yes
Glossitis Yes Yes
Peripheral edema Yes Yes
Diarrhea Yes No
CNS abnormalities No Delirium

MTX, CS, LEF, IFX AZ, TAC, MMF, CS TAC, MMF, CS
Yes Yes Yes
Yes Yes Yes
ND Yes Yes
Yes Yes Yes
Yes Yes Yes
ND Yes Yes
ND Yes Yes
ND Yes Yes
ND Yes Yes
Cerebrovascular Delirium, seizurest Delirium

infarction

*NSW, New South Wales; PA, Pennsylvania; ND, not described in publication; RA, rheumatoid arthritis; T2DM, type 2 diabetes mellitus. Tx,
transplantation; T1DM, type 1 diabetes mellitus; CD, Crohn disease; MTX, methotrexate; CS, corticosteroids; LEF, leflunomide; ETN, ertanercept; IFX:
infliximab; AZ, azathioprine; TAC, tacrolimus; MMF, mycophenolate mofetil; CNS, central nervous system.

tMagnetic resonance imaging consistent with cerebral vasculitis; might have been caused by coexistent Aspergillus infection.
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A. algerae Microsporidial Myositis

Table 2. Diagnostic test results, management, and outcome for persons with Anncaliia algerae myositis*

Variablet Case-patient A Case-patient B Case-patient 1 (3) Case-patient 2 (5) Case-patient 3 (8)
Hemoglobin, g/L (130-180)% 95 122 ND 100 96
Lymphocytes x10%/L (1.5-4.0) 0.3 0.4 ND 0.2 0.1
CK U/L, peak (<200) 2,028 6,630 6,337 685 441
ALT, U/L (<45) 154 93 ND 66 50
AST, U/L (<45) 320 210 ND 129 70
ESR, mm/hr (0—14) 85 26 ND 38 30
CRP, mg/L (<3) 152 134 ND 16 41
Serum albumin, lowest, g/L (33-48) 21 19 ND 19 14
Serum creatinine, pmol/L (60-100)§ 44 202 ND 81 216
Urinary protein, g/24 h (<0.1){ 0.56 1.8 ND NT 1.53
Fecal stain# No NT ND No microsporidia  No microsporidia
microsporidia
Neurophysiology/EMG Myopathy; Myopathy; ND Myopathy; axonal Myopathy; axonal
axonal axonal neuropathy neuropathy
neuropathy neuropathy
Negative biopsy/fluid sites CSF Esophagus, Tracheal aspirate Bone marrow, NT
stomach, lung, rectum,
duodenum BAL, CSF
Positive biopsy sites Vastus lateralis Vastus lateralis Quadriceps Deltoid, tongue Deltoid
femoris™*
A. algerae sequence Yes Yes Yes Yes Yes
Immunosuppression reduced Yes Yes Yes Yes Yes
Albendazole Yes No Yes No Yes
Outcome Survived >18  Died, aspiration Died, stroke Died, palliated Died, aspiration
mo pneumonia pneumonia

*ND, not described in publication; CK, creatinine kinase; ALT, alanine transaminase; AST, aspartate transaminase; ESR, erythrocyte sedimentation rate;
CRP, C-reactive protein; EMG, electromyography; NT, not tested; CSF, cerebrospinal fluid; BAL, bronchoalveolar lavage.
tBiochemical and hematologic values are from the most recent visit to hospital, unless otherwise indicated. Reference values are in parentheses.

FAnemia was normocytic.

§Case-patient A: serum creatinine was higher (150 umol/L) at the first admission; case-patient B: baseline creatinine was ~160upmol/L; case-patient 3:

preexisting renal impairment, with transplant.

{[Case-patient A: urinary myoglobin was negative; case-patient B urinary albumin:creatinine ratio 8 mo previously was normal; case-patient 3: urinary

protein 2 mo previously was 0.68 g/24 h.
#Modified trichrome stain on concentrated feces.
**Component of quadriceps femoris not specified in publication.

were begun. Fevers developed, and the patient’s condition
continued to deteriorate for a week, reached a nadir, and
progressively improved, despite cessation of albendazole
after 3 weeks because of vomiting and abnormal liver func-
tion test results. Creatine kinase (CK) normalized at 12
months after hospital admission. At 18 months follow-up,
there was no indication of infection, and the patient had
regained full strength. His rheumatoid arthritis was con-
trolled with NSAIDs, prednisone (5 mg/d), and injectable
gold. Follow-up neurophysiology showed full recovery of
nerve conduction velocities and amplitudes.

Case-patient B

In 2006, a 66-year-old man from suburban Sydney, New
South Wales, sought care at hospital for a 5-week history of
progressive generalized muscle pain, lethargy, weight loss,
poor appetite, low mood, difficulty sleeping, fevers, pain in
the mouth, difficulty swallowing, and discomfort on open-
ing the mouth. He had rheumatoid factor—positive rheuma-
toid arthritis diagnosed 2 years previously, with no extra-
articular manifestations. He was treated with methotrexate
for 22 months, with the dose gradually increased to 25 mg
per week. This drug was stopped 2 weeks before hospital
admission because of concerns about toxicity. Prednisone
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was begun 4 weeks before hospital admission (maximum
dose 50 mg/d for 1 week).

The patient had fevers (maximum temperature
39.5°C); tachycardia; oropharyngeal mucositis; glossitis;
macroglossia; a tongue ulcer; decreased tongue move-
ments; trismus; peripheral edema; tenderness on palpation
of the limbs; mild bilateral facial weakness; and upper and
lower limb weakness, marked in the hands. Pain limited
grading of the weakness; however, mobilization was pos-
sible. Sensation was normal, and reflexes were present.

Investigation results included methotrexate level <0.1
pmol/L, IgG (subtype 1) 1.65 g/L (reference 4.9-11.4) and
(subtype 2) 0.78 g/L (reference 1.50-6.4), and troponin I
0.7 pg/L (reference <0.1) (Table 2). The urine contained
no cellular casts. Transthoracic echocardiography showed
normal left ventricular function. Noncontrast CT scan of
the brain showed no abnormalities. Neurophysiologic stud-
ies revealed a mild axonal type neuropathy, and electromy-
ography results were consistent with an active myopathic
process in multiple muscles.

Broad-spectrum antimicrobial drug therapy, acyclovir,
and intravenous immunoglobulin were given. The cortico-
steroid dose was reduced with a weaning regimen. Vastus
lateralis muscle biopsies were performed =2 weeks into
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