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Summary 

• Smallpox was a severe disease causing substantial mortality among populations over 

several thousand years.  

• It is caused by an orthopoxvirus, the variola (= smallpox) virus. 

• Smallpox is a febrile disease with a maculo-, papulo-, vesicular and finally pustular rash, 

the typical pox lesions, numerous complications and a fatality rate of approximately 

30%.  

• Material from smallpox patients was used to inoculate healthy subjects (“variolation”) in 

medieval China, possibly offering some protection, but it was associated with high risk of 

complications and death. 

• In 1796, the English physician Edward Jenner discovered that material from cowpox 

lesions inoculated into healthy subjects protected against smallpox in a comparatively 

safe way. This discovery was the invention of vaccination. 

• Vaccination campaigns in the 19th and 20th century controlled smallpox, and following a 

global WHO-coordinated eradication campaign, it was finally declared eradicated by 

1980. 

• Other orthopoxviruses, such as the monkeypox virus, are still causing human disease in 

some geographies and may be emerging due to waning population immunity and 

population growth in previously rural or forested areas. 

• Two antiviral compounds have been licensed for specific treatment.  

• Various vaccines based on Jenner’s invention, using scarification with replicating live 

vaccinia strains, are still available globally for outbreaks.  

• In the Western world, two smallpox vaccines are licensed and stockpiled today for 

emergency use:  

o ACAM2000, a cell culture GMP-produced vaccinia strain; and  

o a non-replicating, “Modified Vaccinia Ankara” (MVA) vaccine, GMP-produced 

on chicken embryo fibroblasts. 
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Definition 

Smallpox is a severe disease with vesicular skin lesions caused by variola virus, a large 

complex DNA virus which was eradicated in the late 1970s. It had been one of the leading 

causes of death for centuries. Other orthopoxviruses, such as monkeypox, (still) cause a 

similar human disease in endemic areas but with lower case fatality rates. 

Microbiology 

Smallpox- or variola virus is an enveloped, double-stranded, single linear DNA virus within 

the orthopoxvirus genus of the poxviridae family. Poxviruses are among the largest known 

viruses, with a diameter above 300 nm and a DNA content of approx. 186,000 base pairs 

(Figure 1). All species induce immunological cross-reactivity as shown in vitro and in animal 

models. Table 1 lists poxviruses that may cause human disease. 

Figure 1: Electron microscopic image of variola virus. Credit: CDC. 1975 

    

Table 1: Orthopoxviruses (genus) causing human disease. a Vaccinia virus evolved from 

cowpox virus, but today is a distinct species; see text for details. 

Species Host Disease 

Variola Humans Smallpox 

Coxpox Cows, rodents Localized skin ulceration 

Vacciniaa Cows Local vesicles 

Monkeypox 
Unknown, 

probably rodents  

Generalized infection;  

(rare in humans to date) 

 

 

https://phil.cdc.gov/details.aspx?pid=1849


               

 

 
Chapter 58 

 

Page 4 of 15 

 

Pathogenesis 

Variola virus enters the body via inhalation of droplets and/or aerosols from the respiratory 

tract of infected patients or by contact with infectious material, e.g., from skin, body fluids 

or pox lesions. A primary multiplication in local lymphoid tissues is followed by a first, 

transient viremia with infection of reticuloendothelial cells throughout the body. The second 

round of multiplication then leads to a second, more intensive viremia with invasion of 

epithelial layers of skin and mucosal surfaces, leading to the typical infectious lesions. 

Epidemiology 

Smallpox 

First traces of smallpox were found in pharaonic Egypt and descriptions date back to the 4th 

century in China and the 7th century in India. From there, smallpox was exported to Europe 

and Northern Africa. With colonization, smallpox was introduced to the Americas, and to 

Southern Africa. Mortality in the native populations far exceeded the 30% seen in Europe – 

as there was no pre-existing immunity – with some native populations becoming completely 

extinct.  

After centuries of outbreaks, the number of smallpox deaths drastically decreased during the 

19th century in Europe and North America, following Edward Jenner’s discovery of 

vaccination. Many countries made smallpox vaccination compulsory in the early 19th 

century.  

The initial belief that a single vaccine administration would confer lifelong immunity turned out 

to be inaccurate. Smaller epidemics still occurred, e.g., in the years 1870/1871, in the wake 

of the Franco-German war. 

In the first half of the 20th century, endemic smallpox was eliminated from many countries on 

the Northern hemisphere, and in China in 1961. Globally, smallpox was still one of the leading 

causes of death, with an estimate of 300 million fatalities since 1900. Finally, a WHO-driven 

eradication campaign – including tracing and reporting as well as immediate rollout of 

vaccinations in areas with identified cases – allowed for the eradication of natural smallpox 

in 1977 (Figure 2). However, the smallpox virus is not yet extinct, as some virus stocks are 

still kept in high security laboratories, and occasionally, previously unknown virus stocks have 

been found. 
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Figure 2: Certificate commemorating smallpox eradication. Credit: WHO. 1979 

 

Monkeypox: 

Monkeypox is endemic in tropical rainforests of Western and Central Africa with a yet 

unknown host species. Human-to-animal contact is suspected to be a source of human 

infections in Western and Central African countries. In 2020, more than 6,000 cases of 

human monkeypox, with >200 deaths, have been reported in the Democratic Republic of 

Congo. There are also reports of travelers from West Africa bringing monkeypox cases to the 

US or the UK.  

One of the main reasons for the continuing human monkeypox cases involving human-to-

human transmission is the stop of smallpox vaccination programs since the late 1970s, 

leaving a growing proportion of the population without poxvirus immunity. 

Transmission and Outbreaks 

Smallpox is transmitted from human-to-human, whereas animal Orthopoxviruses require 

close contact to the respective animal. 

https://twitter.com/WHO/status/1205438442274009089/photo/1
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Clinical aspects 

Natural course  

After an average incubation period of 10–14 days, a prodromal stage ensues with sudden 

onset of high fever (up to 40 °C), headache, muscle pain and malaise (first viremia). Around 

day 5 (second viremia), small, macular lesions appear on the skin, developing into a papular 

rash and finally into the pathognomonic, vesicular pox rash (Figure 3). 

Figure 3: Typical smallpox lesions. For more pictures on the evolving rash see Fenner et al. 

1988 

 

Four to 7 days later, lesions will become pustular, approximately 4–6 mm in diameter, and 

frequently show a typical umbilication (flattening) at the center. The lesions will grow, 

confluence and become hemorrhagic in severe cases indicating a poor outcome. During 

recovery, lesions will dry, crust and scab as of the second week after onset of the rash. The 

list of potential smallpox complications is long, including septicemia, osteomyelitis, 

encephalitis (0.2%), and abortion in pregnant women. The case fatality rate is around 30%. 

Long term sequelae in up to 80% of smallpox survivors are pockmarks, (depigmented) scars 

from previously pustular lesions. Eye involvement with viral keratitis may result in blindness 

(about 1% of survivors). Limb deformities were also frequently observed.   

Smallpox patients are highly infectious during the clinical course of the disease; 

transmission starts early on by the respiratory route and later also by skin lesions, including 
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crusts. Only after all scabs have fallen off and dry skin begins to recover, patients are 

considered cured and non-infectious.  

Human monkeypox causes a similar clinical picture but is associated with a substantially 

lower case fatality rate (<10%). 

Differential Diagnosis 

The smallpox rash is seen over the whole body and all lesions (maculae, papulae, vesicles, 

pustules, crusts) are in the same stage at a given time. In contrast, chickenpox lesions 

tend to cover the trunk and different stages of the lesions are found at the same time. Before 

eradication, any vesicular rash needed to be considered in the differential diagnosis of 

smallpox. In patients with an appropriate travel history, human monkeypox infections are of 

growing concern. 

Diagnostic confirmation  

While the characteristic rash is diagnostic for smallpox/monkeypox in the appropriate 

epidemiological setting, confirmation of the disease can be accomplished by PCR using 

samples from skin lesions. Serological methods may confirm the diagnosis >2 weeks after 

symptom onset (ELISA with orthopoxvirus-specific detection of IgM or IgG).  

Treatment 

Patients suspected of suffering from an orthopoxvirus infection should be managed in strict 

isolation, separated from unvaccinated individuals. Personal protective equipment of health 

care professionals is equally important.  

Symptomatic treatment includes close supervision of the patient and fluid replacement. 

Antibiotics are restricted to patients with bacterial superinfection. For specific treatment, two 

agents are licensed, tecovirimat and brincidifovir. The first inhibits a viral protein relevant 

for release of virus particles from host cells. The latter blocks an intracellular DNA polymerase, 

inhibiting viral replication. Both medications have been licensed based on testing in 

animal models using other orthopoxviruses only. 

General prevention 

Besides isolation, prophylaxis with licensed smallpox vaccines can be considered within the 

first 2–3 days following exposure. Vaccination will decrease both the likelihood of getting 

sick and disease severity, probably by an early onset of T cell mediated immunity during the 

incubation period. 
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Vaccines (see also product profiles) 

History 

Before the invention of electron microscopy in the 1930s led to the discovery of viruses, all 

measures to control smallpox were purely based on observation and empirical evidence. 

“Variolation” described the approach of transferring infectious material from smallpox 

lesions (i.e., from actual patients!) and scratching it into the skin of healthy subjects, thereby 

circumventing the respiratory tract. This eventually led to the generation of a local pox lesion 

in the so “variolated” subject. The rate of complications was high and fatalities were <2% – 

still substantially lower than the 30% case fatality rate of the natural infection. Variolation was 

used predominantly during epidemic waves locally.  

Edward Jenner, an English physician, is considered the inventor of “vaccination”. The term 

comes from the Latin word “vacca” (“cow”) referring to Jenner’s observation and discovery 

that milkmaids previously infected with cowpox did not get infected by smallpox during 

following epidemics. Based on this observation, in 1796 he performed an experiment, where 

he took material from a cowpox lesion from the hand of a milkmaid, and scratched it into the 

skin of the arm of an 8-year-old boy. The boy devloped only a mild febrile reaction one week 

later as well as a clearly defined vesicular lesion at the administration site. A few weeks later, 

Jenner challenged the boy with the above described process of variolation, using lesion 

material from real smallpox patients. This potentially lethal infection, however, did not result in 

any signs or symptoms of smallpox in the boy. Jenner concluded that there was cross-

protection between cowpox and smallpox. The better safety of cowpox vaccination as 

compared to variolation completely changed the course of the smallpox pandemic.  

The news about Jenner’s discovery spread quickly across the whole world. And in the early 

19th century, material from cowpox lesions was used globally. “Production” was 

accomplished via infection of calf skin followed by harvesting of lesion material. Cowpox 

infected animals were transported across continents. Local vaccination campaigns started in 

many countries, making smallpox vaccination compulsury in some nations, starting with 

Bavaria in 1807.  

Following the discovery and classification of viruses in the 1930s, orthopoxvirus strains used 

for vaccination were called vaccinia. With modern genetic sequencing methods, it turned 

out that the vaccinia viruses used in the 20th century was no longer a cowpox virus. However, 

vaccinia is an orthopoxvirus that naturally infects cattle stock, especially in the South American 

region. Vaccinia production was optimized over decades, but still involved calf skins 

throughout the whole smallpox eradication campaign (see below). 

It was only in 2007, that a more modern, cell culture produced vaccinia strain was licensed 

in the US, called ACAM2000. This vaccine is stockpiled by the US Government for emergency 

preparedness. ACAM2000 is still a replicating vaccinia strain, but now produced under 

current GMP conditions. 
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More recently, a non-replicating strain called Modified Vaccinia Ankara (MVA) was 

licensed under the brand names JYNNEOS, IMVAMUNE and IMVANEX in the US, Canada 

and Europe. This vaccine consists of a strain that has undergone more than 500 “serial 

passages” of growth in chicken embryo fibroblast cell culture, which means that the harvest 

of one growth cycle was used for the next one, and this process was continued more than 500 

times. This led to a number of deletions and mutations in the genome of this strain, making it 

more host-specific to avian cells, but no longer replicative in human cells. It therefore 

can safely be administered via the subcutaneous route and has a substantially better safety 

profile than the previously used, replicating vaccinia strains. It has also been tested in 

immunocompromised individuals such as people living with HIV, where replicating 

vaccinia is contraindicated. The US Strategic National Stockpile now also includes doses of 

MVA, to account for the immunocompromised part of the population. 

In addition to stockpiling, smallpox vaccines are still used in limited populations, such as 

laboratory workers working with replicating orthopox viruses, or potential first-line 

responders to potential poxvirus emergencies, e.g., military personnel.  

In summary, from a historical perpective, vaccines against smallpox included 

• variolation, where material from smallpox vesicals are administered into the skin of 

the vaccinee; 

• vaccinia administration, originally a cowpoxvirus which had changed over time to 

develop into its own species. The most widely used vaccinia strains in the 20th 

century were the 

o New York City Board of Health strain (NYCBH, later called Dryvax, mostly 

used in the US); and the 

o Lister-Elstree strain (widely used in Europe) of vaccinia virus; and  

• currently stored smallpox vaccines for emergency use include                                      

o ACAM2000, a cell culture GMP-produced replicating vaccinia strain; and 

o the non-replicating “Modified Vaccinia Ankara” (MVA) vaccine, GMP-

produced on chicken embryo fibroblasts. 

In addition to the above mentioned strains, Russia and Japan have generated their own, 

attenuated strains of vaccinia, such as LC16m8, a highly attenuated strain used for the 

Japanese stockpile. 

As a passive immunization method, intravenous vaccinia immunoglobulin (IVIG) produced 

from sera of recently vaccinated individuals is available to treat complications of 

replicating vaccinia vaccinations, such as generalized spread of vaccinia.      
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Current vaccines 

1. Replicating vaccinia strains (e.g. ACAM2000) 

ACAM2000 is a live replicating vaccinia virus, licensed in the US in 2007, as a successor 

to Dryvax. Dryvax had been used during the smallpox eradication campaign and was therefore 

known to be effective. Both ACAM2000 and Dryvax are administered by scarification into 

the skin of the upper arm of the vaccinated subject, using a bifurcated needle.  

Figure 4: Bifurcated needle for administering smallpox vaccine. Credit: CDC. 2002 

 

Scarification (see ACAM2000 package insert: www.fda.gov/media/75792/download): The skin should 

be clear of remaining disinfectant, to avoid inactivation of the vaccine virus during its application. A small 

droplet of the vaccine suspension is drawn from the vaccine vial by dipping the tip of the 

bifurcated needle into the liquid, the volume in the fork of the needle will be approx. 0.0025 ml, 

corresponding to 2.5–12.5 x 105plaque-forming units per dose. This droplet is then placed onto the 

skin, and the tip of the bifurcated needle will be used to puncture the skin through the droplet 

firmly for 15 times, which should cause a small bleeding at an area of approx. 5 mm diameter. The 

vaccination site should immediately be covered with a bandage and adhesive tape, to avoid potential 

spread of the vaccination virus.  

Over the course of two weeks, the live vaccinia virus will spread within the skin, leading to a “major 

cutaneous reaction”, sometimes referred to as “vaccine take”, see Figure 5. The formation of a vaccine 

take was considered as indicator of a successful (i.e., protective) vaccination. 

 

 

https://phil.cdc.gov/Details.aspx?pid=2841
http://www.fda.gov/media/75792/download
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Figure 5: Progression of major cutaneous reaction after primary vaccination. Taken from: 

FDA. 2007; www.fda.gov/media/75792/download 

 

Immunogenicity: ACAM2000 was approved based on demonstration of a non-inferior 

immune response in terms of neutralizing antibodies, as compared to Dryvax.  

Reactogenicity and safety: As live vaccinia is administered, and as formation of a major 

cutaneous reaction is considered to prove protection, almost all vaccinated subjects will report 

administration site reactions. In vaccinia-naive subjects, injection site pain, erythema and 

pruritus are reported in ranges from 67%–92%. General symptoms such as fatigue, headache 

or myalgia are reported in 46%–60% of vaccinia-naive subjects.  

Uncontrolled spread of vaccinia virus beyond the administration site could occur in 

immunocompromised subjects. Therefore, patients with severe immunodeficiency should not 

receive replicating vaccinia virus vaccines. Severe complications such as inadvertent 

inoculation, generalized vaccinia, eczema vaccinatum or progressive vaccinia have been 

observed in approximately 1000 per 1 million vaccinated subjects during the eradication 

campaign.  

A more recent discovery was the increased incidence of inflammatory cardiac disorders 

(myocarditis and pericarditis) following vaccination with live replicating vaccinia. This was 

first observed in a large rollout of first line responder vaccinations in 2003 and 2004. More 

recent analysis in military populations determined a frequency of clinical myocarditis of 

approximately 1 in 200 ACAM2000 vaccinated subjects. 

Efficacy and effectiveness: As an indicator of vaccine efficacy, the previously used success 

criterion, development of a vaccine take, was evaluated. In comparison to Dryvax, non-

inferiority with regards to the take rate was achieved for ACAM2000 in primary vaccinations, 

indicating a similar efficacy as Dryvax, which was used during the ultimately successful 

smallpox eradication campaign. 
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2. Modified Vaccinia Ankara (Jynneos®, IMVAMUNE®, IMVANEX®) 

Modified Vaccinia Ankara (MVA) is non-replicating in human cells; therefore, the 

administered dose of 1 x 108 Inf.U. is substantially higher as with replicating vaccinia strains. 

Its recommended schedule in smallpox vaccine naive subjects is two doses administered 

subcutaneously 28 days apart. 

Due to its non-replicating nature, it can also be administered to immunocompromised 

individuals. No special precautions about vaccination site handling are needed following 

the subcutaneous route of administration. 

Immunogenicity: MVA was licensed based on immunogenicity studies. It has 

demonstrated non-inferiority of the peak neutralizing antibody titers versus ACAM2000 in a 

head to head comparison trial, see Figure 6. The peak titer for MVA at the timepoint two weeks 

after the second vaccination was in fact higher than the peak titer for ACAM2000, four weeks 

after the single administration. 

Figure 6: Comparison of neutralizing antibody responses following MVA or ACAM2000 

vaccination. Taken from: Pittman et al. 2019 

 

Importantly, in line with findings from animal efficacy studies, the early onset of neutralizing 

antibodies following administration of the first dose was equivalent to those of 

ACAM2000 (overlapping data points at the Week 2 timepoint), at a time when the replicating 

vaccine is considered protective based on the traditional readout of the “take” formation. 

Long-term immunogenicity studies have identified that the immune response can be 

boosted quickly when MVA is re-administered after a 2-year interval, regardless whether 

the initial vaccination regimen was a single shot or the licensed two-dose regimen, indicating 

the presence of a memory response for at least two years. 
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Reactogenicity and safety: Injection site pain, erythema and swelling have been reported 

in 52%–85% of vaccinated, vaccinia naive subjects. For general reactions, headache, myalgia 

and fatigue were observed in 30%–43% of vaccinia naive subjects.  

Importantly, no signal of cardiac inflammatory disorders has been identified to date, in a 

dataset of slightly above 10,000 vaccinated subjects in the clinical trial program as of late 2021.  

Efficacy and effectiveness: MVA has been tested in several animal challenge studies, as 

human studies are obviously not feasible for an eradicated disease. 

In monkeypox and mousepox (ectromelia) challenge studies, protective efficacy has been 

shown already after the first dose of MVA. In post-challenge vaccination studies, i.e., models 

where the animals were first exposed to the challenge virus and vaccinated only after that 

exposure, a protective efficacy was observed up to 48 hours after challenge, indicating 

that MVA could be used in potential poxvirus emergency settings, if deployed in time. 
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Questions 

1. The differences between secondary and primary viremia include all items except which: 

a. Secondary viremia is more intensive 

b. Secondary viremia includes invasion of reticulo-epithelial cells 

c. Second round of replication leads to the occurrence of typical lesion 

d. Secondary viremia includes invasion of epithelial cells 

e. Secondary viremia includes invasion of the mucosal surfaces 

2. In which year was smallpox eradicated? 

a. 1954 

b. 1977 

c. 2004 

d. 2007 

e. 2015 

3. When can a patient with smallpox be safely considered as non-contagious? 

a. After the incubation period 

b. When the body temperature returned to normal (<37.5°C) 

c. Only after all scabs have fallen off and the dry skin begins to recover 

d. Once lesions become pustular 

e. Once no new lesions appear  

4. What test can be used to confirm the diagnosis “monkeypox”? 

a. Blood test 

b. Skin scratch test 

c. ELISA and PCR 

d. EIA test 

e. VDRL test 

5. What is the correct vaccination schedule for MVA vaccine? 

a. 2 doses, 2 weeks apart subcutaneously 

b. 2 doses, 2 weeks apart intramuscularly 

c. 2 doses, 28 days apart intramuscularly 

d. 2 doses, 28 days apart subcutaneously 

e. 3 doses, 2 weeks apart intradermally 

 

Answers: 1b, 2b, 3c, 4c, 5d 


