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Medical Aspects of Chemical and Biological Warfare

INTRODUCTION

The poxviruses (of the family Poxviridae) are a
family of large, enveloped deoxyribonucleic acid
(DNA) viruses.! The most notorious poxvirus is
variola, the causative agent of smallpox. Smallpox
was an important cause of morbidity and mortality
in the developing world until recent times. Since
the host range of the variola virus is confined to
humans, aggressive case identification and contact

vaccination were ultimately successful in control-
ling the disease. The last occurrence of endemic
smallpox was in Somalia in 1977, and the last hu-
man cases were laboratory-acquired infections in
1978.> By 1980, the World Health Organization
(WHO) General Assembly ratified the declaration
of success made by the Global Commission for the
Certification of Smallpox Eradication.

SMALLPOX AND BIOLOGICAL WARFARE

The concept of using variola virus in warfare is
an old one. British colonial commanders considered
distributing blankets from smallpox victims among
Native Americans as a biological weapon.>” Dur-
ing the American Civil War, allegations were made
about the use of smallpox as a biological weapon,
although there subsequently proved to be no defi-
nite evidence for such.®” In the years leading up to
and during World War II, the Japanese military ex-
plored weaponization of smallpox during the op-
erations of Unit 731 in Mongolia and China.*’

Nevertheless, the actual potential of variola vi-
rus as a biological weapon remains controversial.
Given the ease of administration and the availabil-
ity of the vaccinia virus as a vaccine against small-
pox,'’ some have argued that smallpox would have
limited biological warfare potential."! The Centers
for Disease Control and Prevention (CDC), Atlanta,
Georgia, presently maintains over 12 million doses
of vaccinia vaccine in storage, and WHO has in stor-
age enough vaccine to protect 200 to 300 million
people.”” On the other hand, the potency of stock-
piled vaccine will gradually decline. The discon-
tinuation of routine vaccination has rendered civil-
ian and military populations more susceptible to
a disease that is not only infectious by aerosol but
also infamous for its devastating morbidity and
mortality. WHO voiced concerns that smallpox “can
easily be produced in large quantities in the labo-
ratory and...freeze-dried and its virulence thus pre-
served for months or years.” >

Since 1983, there have existed two WHO-ap-
proved and -inspected repositories of variola virus:
the CDC in the United States and Vector Laborato-
ries in Russia. WHO continues to debate whether,
given the completion of sequencing of several ref-
erence strains, all stocks of variola virus should be
destroyed. Proponents of retaining these smallpox
stocks argue that military or terrorist use of variola
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virus as a weapon would readily be countered by
rigorous case contact evaluation and vaccination.
Furthermore, they reason that even if the reposito-
ries are eliminated, other potential sources of small-
pox exist:

e Given the fact that viable variola virus
could be recovered from scabs up to 13
years after collection,'* it is conceivable that
cadavers preserved in permafrost’ or dry
crypts'® could release the virus.

® Virus specimens from the smallpox-eradi-
cation campaign may remain unrecognized
or unreported.

e Using the published sequence of variola
and its significant homology with other
Orthopoxviruses, a malevolent laboratory
could theoretically engineer a recombinant
virus exhibiting variola virus’s virulence by
starting with monkeypox virus.

Additionally, in the event that smallpox should re-
emerge under one of the above scenarios, destroy-
ing the legitimate repositories of variola virus
would hinder investigation into both () the mecha-
nisms of viral pathogenesis, so as to effect counter-
measures, and (b) detailed molecular epidemiology,
so as to establish the precise phylogenetic relation-
ship of an isolate to other known strains. Lastly,
extinction of smallpox would disallow study of its
unique proteins that interfere with host immune
and regulatory functions (eg, homologues of epi-
dermal growth factor, transforming growth factor,
interleukin-1pB, interferon-y, and zinc-finger pro-
tein).!”"18

Those who advocate eradication of the official
variola virus repositories cite the possibility of ac-
cidental or intentional release of the virus as a threat
to international public health; political instability



in Russia has reemphasized this concern. In addi-
tion, retention of these repositories might legitimize
clandestine stockpiling or offensive biological war-
fare research on variola virus. Even if a virulent
variola-like poxvirus could be engineered by an
offensive biological warfare power, the lack of an
animal model that accurately reflects human pathol-
ogy'’ would severely limit how it could be selected
and tested. From the standpoint of understanding
Orthopoxvirus biology, published sequence informa-
tion on variola would be adequate to confirm the
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identity of any smallpoxlike virus that might
emerge in the future. Finally, further studies on
poxvirus pathogenesis would be much more safely
and successfully pursued using a poxvirus that
does possess a good animal model, such as ectrome-
lia (ie, mouse pox).”” Despite the promise of variola
virus’s extinction as a biological entity, the prospect
of surreptitious weaponization of smallpox remains
vexing, and vaccination of military personnel
could be seen as a defensive posture implying will-
ingness to use variola virus as a weapon.”!

STRUCTURE AND BIOLOGY OF POXVIRUSES

Possessing one of the largest genomes of any vi-
rus, an Orthopoxvirus consists of one piece of
double-stranded DNA, which is cross-linked at each
end.”” With their brick-shaped morphology, poxvi-
ruses have a biconcave core containing the DNA
genome. The virus-encoded enzymes in the core are
critical to transcription of the viral DNA. Genes
encoding the nonessential functions important for
virus virulence are arrayed near the ends of the
genome; as would be expected, the greatest hetero-
geneity between poxviruses is at these genomic
ends.”??* There are 187 putative proteins identified
from the sequencing of variola virus, of which 150
bear marked similarity to those of vaccinia virus.
Encoded sequences include one for hemagglutinin,
an envelope protein, and proteins that enhance
growth in human cells. The other 37 proteins rep-
resent either variola-specific sequences, or open read-
ing frame (ie, DNA sequences that are transcribed
into ribonucleic acid [RNA], and hence are trans-
lated, via reading of the genetic code, into amino
acid sequences) divergences from vaccinia counter-
parts.” These relatively small differences in vaccinia
and variola virus proteins suggest that the variola-
unique proteins act synergistically in bringing about
the local and systemic manifestations for which
smallpox is noted.

Most poxvirus virions appear to enter cells by
pinocytosis, and then to uncoat within cytoplasmic
vesicles. Poxvirus replication occurs in these dis-
crete cytoplasmic inclusions, independent of the cell
nucleus. Host biosynthetic processes are inhibited
soon after poxvirus infection occurs. Virus tran-
scription initiates almost immediately after entry,
as DNA transcription is initiated by core enzymes
while the genome is still in the core. Early gene
products have to do with DNA synthesis, ensuring
adequate levels of precursors for DNA synthesis
and inhibition of host defense mechanisms.* This

is followed by release of DNA and subsequent syn-
thesis of RNA and proteins.” It has been postu-
lated® that viral DNA is transcribed and replicated
from viral cores, or “deoxyribonucleoproteids.”
Although the virus encodes a DNA-dependent RNA
polymerase, there is evidence® that subunits of cel-
lular RNA polymerase II from the nucleus are some-
how used in replication. Recombination events oc-
cur with high frequency during the replication pro-
cess”’; these may also occur among different spe-
cies of Orthopoxviruses.®!

Viral DNA synthesis and intermediate regulatory
genes are required for late gene expression.” Pro-
teins that are translated late include most of the
structural proteins, as well as enzymes required for
assembly of virion progeny. Maturation of virions
is a complicated process entailing sequential assem-
bly of poxvirus-specified macromolecules into par-
ticles. Unlike membranes of other enveloped vi-
ruses that are contiguous with host membranes,
poxviruses assemble in the viroplasm into uniform,
spherical, immature particles. This immature par-
ticle subsequently undergoes extensive conforma-
tional and biochemical changes before release, al-
though most virions remain within the cell at the
end of the growth cycle.”® On release from the cell,
the virion’s outer (second) membrane fuses with the
cell membrane; thus the released virion presents
viral antigens not displayed in intracellular forms.*
The sequence of events leading to release and dis-
semination of virions varies widely among differ-
ent poxviruses.*

Compared with other genera of vertebrate pox-
viruses (Table 27-1), members of the Orthopoxvirus
genus (a) possess similar morphology and host
range and (b) are antigenically related. Cross-react-
ing and species-specific neutralizing antigens have
been identified by serum absorption and mono-
clonal antibody studies.***” Up to six antigens have
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TABLE 27-1

CLASSIFICATION OF CHORDOPOXVIRIDAE
(VERTEBRATE POXVIRUSES)

Genera Representative Species

Orthopoxvirus Variola, vaccinia, monkeypox,
cowpox, rabbitpox, raccoon pox,

tatera pox, buffalopox, camelpox

Avipoxvirus Fowlpox, canary pox

Capripoxvirus Goatpox, sheeppox, lumpy skin

disease

Leporipoxvirus Myxoma, hare fibroma

Parapoxvirus Orf (milker’s nodule), pseudo-

COWPOX
Suipoxvirus Swinepox
Molluscipoxvirus ~ Molluscum contagiosum

Yatapoxvirus Tanapox, Yaba

been identified as neutralizing epitopes of Ortho-
poxviruses, one of these existing on naturally re-
leased but not on artificially released virions.*
Undoubtedly, both cellular and humoral immune
responses are important to recovery from smallpox.
The inability of poxviruses to persist stably within
the host cell accounts for their infections being rela-
tively short-lived, without establishment of a latent
infection. The importance of cellular immunity in
recovery from infection has been demonstrated with
other poxviruses,” and the same is generally as-
sumed with variola. Vaccination experiences dem-
onstrated the rare but terrible consequence of vac-
cinia necrosum in persons with defects of cellular
immunity. Early presentation on the host cell mem-
brane of virus-encoded proteins provides means for
immune recognition.* It has been demonstrated
that both antibody-dependent cellular cytotoxicity*
and heterogeneous cluster of differentiation (CD)
4+ cytotoxic T-lymphocyte clones* are induced in
response to vaccinia infection, and some immuno-
dominant B-cell epitopes have been defined in both
mice and vaccinated humans.* The relatively large
size of poxvirus polypeptides facilitates their rec-

ognition and phagocytosis by the reticuloendothe-
lial system. Viral antigens contained in the viral en-
velope are of preeminent importance with regard
to protective antibody responses: envelope antigens
were absent from virion suspensions used for inac-
tivated smallpox vaccines, which proved to be in-
effective.***

A naturally occurring relative of variola, monkey-
pox virus, is found in Africa, and the disease it
causes, monkeypox, is clinically indistinguishable
from smallpox, with the exception of notable en-
largement of cervical and inguinal lymph nodes.
The disease occurs mostly in monkeys from the
tropical rain forests of central Africa, with sporadic
transmission to humans. Some evidence supports
the role of squirrels as the principal animal reser-
voir of the virus.*® Over a span of 3 years, 331 cases
of monkeypox disease in a population of 5 million
have been reported.” Under natural conditions, the
virus is transmitted by direct contact with an infected
individual, fomites, and, occasionally by aerosol.

Concern has been raised whether the monkeypox
virus could be weaponized and, if so, whether it
would constitute a threat similar to that posed by
variola virus. However, epidemiological evidence
indicates that monkeypox virus has limited poten-
tial for person-to-person transmission, accounting
for about 30% of the observed cases.” There is one
report of its spread though four human genera-
tions.”" A stochastic model for interhuman spread
of monkeypox indicates that it is very unlikely that
the virus could sustain itself indefinitely in a com-
munity by interhuman transmission.”® The finite
transmission potential of monkeypox prompted
WHO to maintain active surveillance rather than a
vaccination program in the endemic areas. Success-
ful vaccinia virus immunization, as judged by the
presence of a preexisting vaccination scar, affords
approximately 85% protection against monkey-
pox.” Nevertheless, (a) the pathogenicity of
monkeypox for humans, (b) the potential morbid-
ity of an aerosolized monkeypox virus attack, and
(c) the theoretical potential that genetic recombina-
tion could produce a modified animal poxvirus with
enhanced virulence for humans have raised the
specter that another poxvirus besides variola might
constitute either a serious biowarfare threat or a
reemergent public health problem.

PATHOGENESIS AND CLINICAL MANIFESTATIONS

Variola virus is highly stable and retains its in-
fectivity for long periods outside the host.>* It is
infectious by aerosol,®® but natural airborne spread
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to other than close contacts is controversial.>*”’
Approximately 30% of susceptible contacts became
infected during the era of endemic smallpox,™ and



the WHO eradication campaign was predicated on
close person-to-person proximity being required for
transmission to occur reliably. Nevertheless, vari-
ola virus’s potential in low relative humidity for
airborne dissemination was alarming in two hos-
pital outbreaks.” Patients with smallpox were
infectious from the time of onset of their eruptive
exanthem, most commonly from days 3 through 6
after onset of fever. Infectivity was markedly en-
hanced if the patient manifested a cough. Indirect
transmission via contaminated bedding or other
fomites was infrequent.”’ Some close contacts har-
bored virus in their throats without developing dis-
ease, and hence might have served as a means of
secondary transmission.”' There is no animal reser-
voir for variola virus, although monkeys are sus-
ceptible to infection.*

On natural exposure to aerosolized virus, vari-
ola travels from the upper or the lower respiratory
tract to regional lymph nodes, where it replicates
and gives rise to viremia, which is followed soon
thereafter by a rash.” The incubation period of
smallpox averages 12 days, and contacts are quar-
antined for a minimum of 16 to 17 days following
exposure. Following infection via the respiratory
route and replication in local lymph nodes, variola
virus disseminates systemically to other lymphoid
tissues, spleen, liver, bone marrow, and lung. Dur-
ing this prodromal period, variola virus can be re-
covered from the blood, but the yield is much lower
later in the illness. Clinical manifestations begin
acutely with malaise, fever, rigors, vomiting, head-
ache, and backache; 15% of patients develop de-
lirium. Approximately 10% of light-skinned pa-
tients exhibit an erythematous rash during this
phase.** Two to 3 days later, an enanthem appears
concomitantly with a discrete rash about the face,
hands, and forearms. Owing to the lack of a keratin
layer on mucous membranes, lesions there shed
infected epithelial cells and give rise to infectious
oropharyngeal secretions in the first few days of the
eruptive illness.” These respiratory secretions are
the most important but not the sole means of virus
transmission to contacts.

Following subsequent eruptions on the lower
extremities, the rash spreads centrally during
the next week to the trunk. Lesions quickly pro-
gress from macules to papules and eventually to
pustular vesicles (Figure 27-1). Lesions are more
abundant on the extremities and face, and this cen-
trifugal distribution is an important diagnostic fea-
ture. In distinct contrast to the lesions seen in vari-
cella, smallpox lesions on various segments of the
body remain generally synchronous in their stage
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of development. From 8 to 14 days after onset, the
pustules form scabs, which leave depressed
depigmented scars on healing. Although variola
titers in the throat, conjunctiva, and urine diminish
with time,* virus can readily be recovered from
scabs throughout convalescence.” Therefore, pa-
tients should be isolated and considered infectious
until all scabs separate.

For the past century, two distinct types of small-
pox have been recognized. Variola major, the pro-
totypical disease, was prevalent in Asia and parts
of Africa. Variola minor, or alastrim, was distin-
guished by milder systemic toxicity and more di-
minutive pox lesions (Figure 27-2). Variola minor
was found in Africa, South America, and Europe
before the eradication of endemic disease, and
caused 1% mortality in unvaccinated victims.

Three quarters of endemic cases of variola major
fell into the classic, or ordinary, variety (see Figure
27-1). The fatality rate was 3% in vaccinated patients
and 30% in unvaccinated. Other clinical forms of
smallpox were associated with variola major, and
it is likely that differences in both strain virulence
and host response were responsible for these varia-
tions in clinical manifestations.” Flat-type smallpox,
noted in 2% to 5% of patients, was typified by (a)
severe systemic toxicity and (b) the slow evolution
of flat, soft, focal skin lesions (Figure 27-3). This syn-
drome caused 66% mortality in vaccinated patients
and 95% mortality in unvaccinated. Hemorrhagic-
type smallpox, seen in fewer than 3% of patients,
was heralded by the appearance of extensive pete-
chiae (Figure 27-4), mucosal hemorrhage, and in-
tense toxemia; death usually intervened before the
development of typical pox lesions.*”

Bacterial superinfection of pox lesions was rela-
tively uncommon except in the absence of proper
hygiene and medical care. Arthritis and osteomy-
elitis developed late in the course of disease in about
1% to 2% of patients, more frequently occurred in
children, and was often manifested as bilateral joint
involvement, particularly of the elbows.” Viral in-
clusion bodies could be demonstrated in the joint
effusion and bone marrow of the involved extrem-
ity. This complication reflected infection and inflam-
mation of a joint followed by spread to contiguous
bone metaphyses, and sometimes resulted in per-
manent joint deformity.”" Cough and bronchitis
were occasionally reported as prominent manifes-
tations of smallpox, with attendant implications for
spread of contagion; however, pneumonia was un-
usual.”” Pulmonary edema occurred frequently in
hemorrhagic- and flat-type smallpox. Orchitis was
noted in approximately 0.1% of patients. Encepha-
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Fig. 27-1. This series of photographs illustrates the evolution of skin lesions in an unvaccinated infant with the classic
form of variola major. (a) The third day of rash shows synchronous eruption of skin lesions; some are becoming
vesiculated. (b) On the fifth day of rash, almost all papules are vesicular or pustular. (c) On the seventh day of rash,
many lesions are umbilicated, and all lesions are in the same general stage of development. Photographs: Reprinted
with permission from Fenner F, Henderson DA, Arita I, Jezek Z, Ladnyi ID. Smallpox and Its Eradication. Geneva,
Switzerland: World Health Organization; 1988: 10-14. Photographs by I. Arita.
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Fig. 27-2. Variola minor in an unvaccinated
woman 12 days after onset of rash. The fa-
cial lesions (a) are more sparse and evolve
more rapidly than those on the arms (b) or
legs (c). Reprinted with permission from
Fenner F, Henderson DA, Arita I, Jezek Z,
Ladnyi ID. Smallpox and Its Eradication.
Geneva, Switzerland: World Health Orga-
nization; 1988: 36. Photographs by 1. Arita.
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Fig. 27-3. Flat-type smallpox in an unvaccinated woman on the sixth day of rash. Extensive flat lesions (a and b) and
systemic toxicity with fatal outcome were typical. Reprinted with permission from Fenner F, Henderson DA, Arita I,
Jezek Z, Ladnyi ID. Smallpox and Its Eradication. Geneva, Switzerland: World Health Organization; 1988: 33. Photo-
graphs by F. Dekking.

Figure 27-4 is not shown because the copyright per-
mission granted to the Borden Institute, TMM, does not
allow the Borden Institute to grant permission to other
users and /or does not include usage in electronic me-
dia. The current user must apply to the publisher named
in the figure legend for permission to use this illustra-
tion in any type of publication media.

Fig. 27-4. Early hemorrhagic-type smallpox with cuta-
neous signs of hemorrhagic diathesis. Death usually in-
tervened before the complete evolution of pox lesions.
Reprinted with permission from Herrlich A, Mayr A,
Munz E, Rodenwaldt E. Die pocken; Erreger, Epidemiologie
und klinisches Bild. 2nd ed. Stuttgart, Germany: Thieme;
1967.In: Fenner F, Henderson DA, Arita I, Jezek Z, Ladnyi
ID. Smallpox and Its Eradication. Geneva, Switzerland:
World Health Organization; 1988: 35.
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litis developed in 1 in 500 cases of variola major,
compared with 1 in 2,000 cases of variola minor.”
Keratitis and corneal ulcers were important
complications of smallpox, progressing to blind-
ness in slightly fewer than 1% of cases.”* Disease
during pregnancy precipitated high perinatal
mortality, and congenital infection was also recog-
nized.”>”*

Partial immunity from vaccination resulted in
modified-type smallpox, in which sparse skin le-
sions evolved variably, often without pustules, and
quickly, with crusting occurring as early as the sev-
enth day of illness. Some fully immune individuals

would develop fever, sore throat, and conjunctivi-
tis (called contact fever), on exposure to smallpox.
This lasted several days, but did not give rise to
the toxicity or minor skin lesions that signify vari-
ola sine eruptione.

Persons who recovered from smallpox possessed
long-lasting immunity, although a second attack
could occur in 1 in 1,000 persons after an interven-
ing period of 15 to 20 years.” As discussed earlier,
both humoral and cellular responses are important
components of recovery from infection. Neutraliz-
ing antibodies peak 2 to 3 weeks following onset,
and last longer than 5 years.”

DIAGNOSIS

Given modern clinicians’ lack of experience with
smallpox, greater perspicacity is required to distin-
guish the forme fruste of this disease from other
vesicular exanthems, such as those of chicken-
pox, erythema multiforme with bullae, or allerg-
ic contact dermatitis. Table 27-2 delineates some of
the key features that differentiate variola from
varicella (chickenpox virus). The failure to recog-
nize relatively mild cases of smallpox in persons
with partial immunity, who could unwittingly
contribute to secondary spread by ambulating
with their contagious exanthems undiagnosed,
would present a particular problem to infec-
tion control. An additional threat to effective quar-
antine is the fact that exposed persons may shed
virus from the oropharynx without ever manifest-
ing disease. Therefore, quarantine and initiation of
medical countermeasures should be followed

TABLE 27-2

promptly by an accurate diagnosis so as to avert
panic.

Rapid diagnostic tests may play an important
role in discriminating smallpox from other dis-
eases.””® The usual method of diagnosis is demon-
stration of characteristic virions on electron micros-
copy of vesicular scrapings. Under light microscopy,
aggregations of variola virus particles, called
Guarnieri bodies, correspond to B-type poxvirus
inclusions (Figure 27-5). These cytoplasmic inclu-
sions are hematoxylinophilic, stain reddish purple
with Giemsa stain, and contain Feulgen-positive
material.”! Another rapid but relatively insensitive
test for Guarnieri bodies in vesicular scrapings is
Gispen’s modified silver stain, in which cytoplas-
mic inclusions appear black. The gel diffusion test,
in which vesicular fluid from a pox lesion was in-
cubated with vaccinia hyperimmune serum, con-

DIFFERENTIATION BETWEEN SMALLPOX AND CHICKENPOX

Variola

Varicella

Incubation Period 7-17d
Prodrome
Pock Distribution

Pock Appearance

Evolution of Pocks Synchronous

Scab Formation 10-14 d after onset of rash
Scab Separation 14-28 d after onset of rash

Infectivity

Fever and malaise for 2—4 d before onset of rash
Centrifugal; usually on palms and soles

Vesicular—> pustular—> umbilicated—> scab

From onset of enanthem until all scabs separate

14-21d
Minimal to none
Centripetal; seldom on palms and soles

Vesicular on erythematous base—>
pustular—> scab

Asynchronous
4-7 d after onset of rash
Within 14 d after onset of rash

From 1 d before rash until all vesicles scab
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Fig. 27-5. Cytoplasmic inclusion bodies in cells infected with Orthopoxviruses. (a) B-type (pale-red, irregular) inclu-
sion, or Guarnieri, bodies, and A-type (large eosinophilic, with halo) inclusion bodies in ectodermal cells of the
chorioallantoic membrane, in a pock produced by cowpox virus. A number of nucleated erythrocytes are in the ecto-
derm and free in the mesoderm, and the surface of the pock is ulcerated. Hematoxylin-eosin stain. (b) This section of
the skin of a patient with hemorrhagic-type smallpox shows Guarnieri bodies and free erythrocytes below an early
vesicle. Hematoxylin-eosin stain. Photographs: Reprinted with permission from Fenner F, Henderson DA, Arita [,
Jezek Z, Ladnyi ID. Smallpox and Its Eradication. Geneva, Switzerland: World Health Organization; 1988: 85.

stitutes a rapid and inexpensive method when mi-
croscopy is not available.®

None of the above laboratory tests are capable
of discriminating smallpox from vaccinia, monkey-
pox, or cowpox. Classically, this differentiation re-
quired isolation of the virus and characterization
of its growth on chorioallantoic membrane. Pocks
produced by smallpox are small and grayish white,

whereas those for vaccinia are larger and sometimes
hemorrhagic. Variola minor exhibited greater tem-
perature sensitivity on chorioallantoic membranes
than did variola major.*® The development of poly-
merase chain reaction diagnostic techniques prom-
ises a more accurate and less cumbersome method
of discriminating among variola virus and other
Orthopoxviruses.

MEDICAL MANAGEMENT

Medical personnel must be prepared to recognize
a vesicular exanthem in possible biowarfare theaters
as potentially smallpox, and to initiate appropriate
countermeasures. Any confirmed case should be
considered an international emergency, with an im-
mediate report made not only to the chain of com-
mand but also to public health authorities. Strict
quarantine with respiratory isolation should be
applied for 17 days to all persons in direct contact
with the index case or cases, especially the unvac-

cinated. Immediate vaccination should also be un-
dertaken for all personnel exposed to either
weaponized variola or monkeypox virus or a clini-
cal case of smallpox. Medical personnel should have
a history of vaccination and should undergo imme-
diate revaccination to ensure solid immunity.
Vaccination with a verified clinical take (ie, the
local response to vaccination whereby a vesicle
forms with surrounding erythema and induration)
within the past 3 years is considered to render a
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person immune to naturally occurring smallpox.
However, given the difficulties and uncertainties
under wartime conditions of verifying the adequacy
of troops’ prior vaccination, routine revaccination
of all potentially exposed personnel would seem
prudent if a significant prospect of smallpox expo-
sure is believed to exist.

The key to control and eventual eradication of
endemic smallpox was vigorous case identification,
followed by quarantine and immunization of con-
tacts. The fact that heterologous immunity provided
by vaccination wanes with time is not fully appre-
ciated: two thirds of smallpox victims in the 1960s
had preexisting vaccination scars. Passive immuno-
prophylaxis using immune globulin was also ex-
amined, but, owing to the accepted efficacy of ac-
tive immunization, the two methods were never
compared against each other. No chemotherapy
demonstrated efficacy against smallpox disease, but
modest efficacy was shown in chemoprophylaxis.
Present speculation regarding smallpox chemo-
therapy relies on in vitro data only.

Active Immunoprophylaxis
Vaccinia Vaccine

Early attempts to control smallpox included in-
oculation with material from smallpox lesions. This
practice, known as variolization, caused severe
cases of smallpox in about 1 in 200 inoculations.*
In 1796, Jenner noted that milkmaids were free of
the facial scars that marked most of the population
during the smallpox epidemics of that time. The ob-
servation that they “cannot take smallpox” was
attributed to the localized pox lesions that they de-
veloped on their hands. Jenner reasoned that infec-
tious material (which he dubbed a “virus”) from
cowpox lesions provided protection from smallpox,
and used it to vaccinate an 8-year-old boy. The boy
later resisted variolation, demonstrating that an
animal poxvirus that is not virulent for humans
could be used as a potent vaccine against small-
pox.”

Vaccinia virus is another member of the orthopox
genus of the Poxvirus family that possesses little
pathogenicity for immunocompetent humans. Al-
though the exact origin of vaccinia virus remains
obscure,® it is related to cowpox, and strains of vac-
cinia virus became the vaccines of choice for the pre-
vention of smallpox. The smallpox vaccines used
in the eradication effort were prepared on a large
scale by inoculating the shaved abdomens of calves,
sheep, or water buffalo with seed stocks of vaccinia
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virus, harvesting the infected exudative lymph from
the inoculation sites, and bottling the product with
phenol or brilliant green as a bacteriostatic agent.

Smallpox vaccines were most often administered
by intradermal inoculation with a bifurcated needle,
a process that became known as scarification because
of the permanent scar that resulted. This method
proved effective and successful when applied in the
worldwide campaign to eradicate endemic small-
pox, which primarily employed the New York City
Board of Health (NYCBOH), EM-63, Lister,
and Temple of Heaven strains. Although the Lister
and Temple of Heaven vaccines putatively derived
from transformation of variola into an attenuated
virus, both animal studies®” and restriction endo-
nuclease analyses® indicate that they actually re-
sulted from contamination with vaccinia during
animal passages.

The human dose for vaccinia immunization is
approximately 5 log;, plaque-forming units given
percutaneously. A vesicle typically appears at the
vaccination site 5 to 7 days after the inoculation,
with surrounding erythema and induration. The
lesion forms a scab and gradually heals over the
next 1 to 2 weeks.

Vaccination Complications

Side effects arising from vaccination are rela-
tively uncommon but nevertheless finite. Low-
grade fever and axillary lymphadenopathy may
coincide with the culmination of the cutaneous pox
lesion. The attendant erythema and induration of
the vaccination vesicle is frequently misdiagnosed
as bacterial superinfection. Formation of a scar on
healing of the vesicle occurs routinely, and consti-
tutes a permanent record of a take, or a successful
primary vaccination.

One of the most thorough surveys of adverse re-
actions associated with vaccinia vaccines was con-
ducted in the United States and published by the
CDC in 1968,% and is summarized in Table 27-3. As
a consequence of percutaneous inoculation, infec-
tious vaccine virus is present in the local lesion.
Consequently, inadvertent inoculation to other skin
and mucous membrane sites (autoinoculation) or
to other persons (secondary inoculation) is the most
frequent complication of vaccinia intradermal
vaccination.” Ocular vaccinia is a particularly
troublesome problem resulting from secondary in-
oculation (Figure 27-6). Erythematous or urticarial
rashes may occur approximately 10 days after pri-
mary vaccination and, rarely, Stevens-Johnson syn-
drome occurs. Generalized vaccinia is characterized



TABLE 27-3

Smallpox

RATES" OF REPORTED COMPLICATIONS ASSOCIATED WITH VACCINIA VACCINATIONS

Table 27-3 is not shown because the copyright permission granted to the Borden Institute, TMM, does not allow the Borden
Institute to grant permission to other users and/or does not include usage in electronic media. The current user must apply to the
publisher named in the figure legend for permission to use this illustration in any type of publication media.

* . . . .
Cases per million vaccinations

TIncludes patients with lesions that had bacterial superinfection, or that made the patient uncomfortable enough to consult a
physician. Unusual complications included were a patient with fetal vaccinia, a patient with a melanoma developing in the vaccine
scar, and a patient with monoarticular arthritis following vaccination.

Figure 27-6 is not shown because the copyright
permission granted to the Borden Institute, TMM,
does not allow the Borden Institute to grant per-
mission to other users and/or does not include us-
age in electronic media. The current user must ap-
ply to the publisher named in the figure legend for
permission to use this illustration in any type of
publication media.

Fig. 27-6. Ocular vaccinia following inadvertent autoin-
oculation with vaccine. This complication can cause corneal
scarring and hence visual impairment. Ocular vaccinia
should be treated aggressively with a topical antiviral drug
under close ophthalmological supervision. Reprinted
with permission from Fenner F, Henderson DA, Arita I,
Jezek Z, Ladnyi ID. Smallpox and Its Eradication. Geneva,
Switzerland: World Health Organization; 1988: 298. Pho-
tograph by C. H. Kempe.
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by a vesicular rash of varying extent occurring 6 to
9 days after primary vaccination; this complication
is usually self-limited.

More severe complications of vaccinia vaccination
include eczema vaccinatum, progressive vaccinia,
and postvaccinial encephalitis. These complications
are rare, but occur at least 10 times more often
among primary vaccinees than among revaccinees.
Eczema vaccinatum is a localized or systemic dis-
semination of vaccinia virus among persons who
have eczema (Figure 27-7). Although usually mild
and self-limited, this complication could be severe
or even fatal in up to 10% of cases.

Progressive vaccinia (vaccinia necrosum) is a
progressive necrosis in the area of vaccination, of-
ten with metastatic lesions (Figure 27-8). This com-
plication occurred almost exclusively in persons
with cellular immunodeficiency,” with a case fatal-
ity rate of higher than 75%.

Postvaccinial encephalitis most frequently affects
primary vaccinees, with attendant mortality and
serious neurologic morbidity of 25%.” Although the
U.S. survey indicated the opposite, most countries
reported a greater incidence of postvaccinial en-
cephalitis from primary vaccination of older chil-
dren and adults than of infants.”

Vaccinia-immune globulin (VIG) is of value in
the treatment of progressive vaccinia, eczema
vaccinatum,” and perhaps ocular vaccinia (VIG is
discussed below in the section titled Passive
Immunoprophylaxis). Topical idoxuridine may ben-
efit vaccinia keratitis.””

Figure 27-7 is not shown because the copyright
permission granted to the Borden Institute, TMM,
does not allow the Borden Institute to grant per-
mission to other users and/or does not include
usage in electronic media. The current user must
apply to the publisher named in the figure leg-
end for permission to use this illustration in any
type of publication media.

Fig. 27-7. Eczema vaccinatum. The widespread pox le-
sions on this patient’s eczematous skin illustrate the se-
vere illness that can occur in up to 10% of cases. Reprinted
with permission from Fenner F, Henderson DA, Arita [,
Jezek Z, Ladnyi ID. Smallpox and Its Eradication. Geneva,
Switzerland: World Health Organization; 1988: 298. Pho-
tograph by I. D. Ladyni.
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Figure 27-8 is not shown because the
copyright permission granted to the Borden
Institute, TMM, does not allow the Borden
Institute to grant permission to other users
and/or does not include usage in electronic
media. The current user must apply to the
publisher named in the figure legend for
permission to use this illustration in any type
of publication media.

Fig. 27-8. Progressive vaccinia or vaccinia necrosum. As
seen in this child, progressive viral replication at the in-
oculation site in an immunocompromised individual
leads to inexorable local tissue destruction. Reprinted
with permission from Fenner F, Henderson DA, Arita I,
Jezek Z, Ladnyi ID. Smallpox and Its Eradication. Geneva,
Switzerland: World Health Organization; 1988: 298. Pho-
tograph by C. H. Kempe.

Vaccination is contraindicated in the following
conditions:

1. Immunosuppression, such as occurs with
agammaglobulinemia, leukemia, lym-
phoma, generalized malignancy, or therapy
with alkylating agents, antimetabolites, ra-
diation, or large doses of corticosteroids.
Such persons are at increased risk of pro-
gressive vaccinia.

2. Human immunodeficiency virus (HIV) in-
fection. Severe vaccinia infections have
been reported in persons immunosup-
pressed as a consequence of HIV dis-
ease.lOO,lOl

3. Either history or evidence of eczema. Other
exfoliative or extensive skin lesions (eg,
atopic dermatitis, psoriasis, burns) may
also place a person at increased risk for
vaccination.

4. Current household, sexual, or other close
physical contact with a person or persons
possessing the condition or conditions listed
in exclusion criteria 1 through 3, above.



5. Pregnancy. There have been rare instances
of fetal vaccinia, usually following primary
vaccination of pregnant women.""*'” This
complication usually resulted in fetal de-
mise or early postnatal mortality.

Despite the caveats listed above, most authori-
ties state that, with the exception of significant im-
pairment of systemic immunity, there are no absolute
contraindications to postexposure vaccination of a
person who experiences bona fide exposure to vari-
ola virus. However, in such circumstances, concomi-
tant administration of VIG is recommended for
pregnant women and individuals with eczema.

Indicators of Immunity

Vaccination with live vaccinia virus remains the
principal defensive measure against smallpox, and
against monkeypox, as well. Immunity to smallpox
is gauged by the local response to vaccination (the
take). However, not all vaccinations giving clinical
takes will boost neutralizing antibody responses.'®
Evidence indicates that vaccinia provides protec-
tion against smallpox for at least 3 years after the
vaccination.'” With longer intervals between expo-
sure and primary vaccination (or revaccination),
protection is reduced. If vaccination is accomplished
within a few days after exposure, then protection
is also demonstrable,'” approaching complete pro-
tection in those who have had their primary vacci-
nation previously."” Postexposure vaccine failures
were reported during trials in the smallpox era.
Combined active immunization and passive immu-
nization with VIG may provide improved postex-
posure prophylaxis. However, concomitant admin-
istration of VIG may attenuate the immune response
to vaccination.'”

Protection following vaccinia immunization, like
immunity following recovery from smallpox, has
both a humoral and a cellular basis. One prospec-
tive study'®” of 146 contacts of patients with small-
pox demonstrated that no contacts with significant
titers of neutralizing antibody titer contracted the
disease. However, 2 contacts with detectable titers
still contracted the disease, and some persons with
no neutralizing antibody were spared. In another
investigation' of 57 contacts of smallpox cases, all
6 who subsequently developed smallpox had nei-
ther a vaccination scar nor detectable neutralizing
antibody. Therefore, data indicate that adequate
serum titers of vaccinia-neutralizing antibody are
usually sufficient, but not always necessary, for pro-
tection against variola virus. Neutralizing antibody

Smallpox

decreases during the first 3 years after vaccination,
but titers remain sustained for several years follow-
ing a second booster (ie, primary immunization and
two revaccinations).!'"112

Contact Precautions

Vaccinia virus may be cultured from the site of
primary vaccination for a time that begins at the
development of a papule (2-5 d postvaccination)
and lasts until the lesion has fully scabbed with no
remaining vesicle (10-17 d postvaccination). Dur-
ing this period, infection-control measures are para-
mount in preventing secondary inoculation of the
virus to other body sites or other persons. The le-
sion should be covered at all times with a dry dress-
ing, and strict handwashing should be practiced
after changing the dressing or touching the vacci-
nation site. Semipermeable dressings predispose to
accumulation of exudate beneath the dressing, with
maceration and local secondary inoculation. Medi-
cal personnel should be excluded from caring for
persons with active vaccinia lesions if the former
are immunocompromised or possess chronic exfo-
liative skin lesions. Medical personnel who come
in contact with contaminated materials (eg, dress-
ings) from vaccinees are at relatively low risk of
inadvertent inoculation, provided that they use
appropriate infection control measures."” The CDC
has recommended that laboratory personnel who
work with vaccinia or recombinant vaccinia viruses
be vaccinated; this recommendation is controver-
sial,'* however, and the risks of deliberate vaccina-
tion versus those of accidental inoculation must be
weighed.

Vaccine Availability

The remaining vaccinia vaccine licensed in the
United States (Dryvax, manufactured by Wyeth,
Philadelphia, Pa.) is a live, infectious virus prepared
from calf lymph. Like all smallpox vaccines that
were marketed in the United States, it derived from
the NYCBOH strain and contains 108 plaque-form-
ing units per milliliter. Current vaccinia vaccine
stocks (> 12 million doses) are held by the CDC. It
must be noted that the potency of several lots of
this lyophilized vaccine has fallen. Pharmaceutical
companies in the United States lack interest in
manufacturing new lots of vaccine, owing to the
absence of a profitable retail market, antiquation of
calf-lymph production techniques and facilities, and
the manufacturer’s legal liability for vaccination
complications.
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Because of the declining potency of the existing
smallpox vaccines and continued concerns about
the prospect of the use of variola virus in biological
warfare, a new vaccinia vaccine is in clinical test-
ing by the U.S. Army Medical Research and Mate-
riel Command, Fort Detrick, Frederick, Maryland.
This vaccine was derived from a NYCBOH strain
of vaccinia and then produced in human diploid
lung fibroblast cell cultures. Unlike calf-lymph vac-
cines, this cell culture—derived vaccinia vaccine con-
tains no adventitious agents.

Injectable Smallpox Vaccines

It has long been desired that vaccinia vaccine
could be administered by injection; this route would
preclude the complication of inadvertent inocula-
tion of virus that was so prominent with the scari-
fied calf-lymph vaccine. A potential disadvantage
to subcutaneous or intramuscular inoculation
would be the preclusion of a visible vesicle and scar
as a means of assessing the take of a vaccination,
which historically has been correlated to protection
against smallpox. Plaque reduction neutralization
antibody responses necessarily serve as the surro-
gate marker for an immune response that would
protect against smallpox. Since the 1930s, at least
eight strains of vaccinia virus were developed for
parenteral administration. None were shown to be
as immunogenic as standard calf-lymph strains
administered by scarification, since they produced
lower neutralizing antibody levels after primary
and booster inoculations.!'® Therefore, evidence in-
dicates that subcutaneous, intramuscular, and in-
tradermal vaccination without concomitant forma-
tion of a cutaneous pox lesion does not elicit as
strong a serologic response as that obtained through
scarification."*'”

Recombinant Vaccinia Vaccines

Vaccinia virus has been proposed as a vaccine
vector for foreign genes. This approach has been
employed for expression of HIV proteins'® as well
as other antigens. Vaccinia-naive individuals inocu-
lated with this vaccine developed antibodies not
only to HIV-1"" but also to vaccinia. Therefore, it is
possible that a future recombinant vaccinia vaccine
containing a variety of viral or bacterial genes could
serve multiple purposes, including immunity
against smallpox. However, those vaccinia vectors
engineered to be more attenuated'” should be con-
sidered questionable in their ability to protect
against variola virus. Neither would protection
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against variola be expected from immunization
with other vertebrate poxviruses, especially those
of another genus such as Avipox.

Passive Immunoprophylaxis

Evidence indicates that vaccinia-immune globu-
lin is of value in postexposure prophylaxis of small-
pox when given (a) within the first week following
exposure and (b) concurrently with vaccination.”!
However, the prophylactic use of VIG should be
carefully weighed vis-a-vis the risk of attenuating
the immune response to booster vaccination.

VIG is available in the United States from the
Drug Service of the CDC; the U.S. Army maintains
a supply for its own use. The dose for prophylaxis
or treatment is 0.6 mL/kg, administered intramus-
cularly. Administration immediately after or within
the first 24 hours of exposure would provide the
highest level of protection, especially in unvacci-
nated persons. VIG is prepared from the plasma of
repeatedly vaccinated persons. Development of
humanized monoclonal antibodies against neutral-
izing epitopes that are conserved between vaccinia
and variola viruses is a promising alternative to this
older, cumbersome, and expensive method of VIG
production.

Chemoprophylaxis and Chemotherapy

During the 1960s, methisazone (Marboran, no
longer available; then manufactured by Burroughs
Wellcome, Research Triangle Park, N. C.; also called
I-methylisatin 3" -B-thiosemicarbazone) received
extensive attention as an antiviral chemotherapy for
variola virus infections. Although some clinical
studies found only a trend toward decreased attack
rates,"”'” most evidence suggested that methis-
azone decreased both morbidity and mortality
when administered prophylactically to susceptible
contacts of patients with smallpox."*'* Although
a variety of dosages and schedules were tested,
most experience was with 3 g administered orally,
at least two doses given 8 hours apart. Gastrointes-
tinal intolerance (nausea and vomiting) signifi-
cantly hampered both medication administration
and patient compliance.

Although clinical trials showed no therapeu-
tic efficacy of thiosemicarbazones against smallpox,
anecdotal reports””"' suggest some usefulness of
methisazone in treating progressive vaccinia.

Other antiviral compounds, such as rifampin'*
and S-adenosylhomocysteine hydrolase inhibi-
tors,” ¥ have activity against vaccinia, and hence
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may be useful in the prophylaxis or treatment of
smallpox. However, it should be noted that despite
their in vitro efficacy against vaccinia, neither cy-

Smallpox

tosine arabinoside (Ara-C)™® nor adenine arabino-

side (Ara-A)'” demonstrated benefit in treatment
of smallpox in small clinical studies.

SUMMARY

Despite the eradication of naturally occurring
smallpox and the availability of a vaccine, the po-
tential weaponization of variola virus continues to
pose a military threat. This threat can be attributed
to the aerosol infectivity of the virus, the relative
ease of large-scale production, and an increasingly
Orthopoxvirus-naive human populace.

Although the fully developed cutaneous erup-
tion of smallpox is unique, earlier stages of the rash
could be mistaken for varicella. Secondary spread

of infection constitutes a nosocomial hazard from
the time of onset of a smallpox patient’s enanthem
until scabs have separated. Quarantine with respi-
ratory isolation should be applied to secondary con-
tacts for 17 days after the exposure.

Vaccinia vaccine remains the preeminent coun-
termeasure for preexposure prophylaxis against
smallpox. Vaccinia vaccination, vaccinia immune
globulin, and methisazone each possess some effi-
cacy in postexposure prophylaxis.
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