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Abstract 8

Declaration of smallpox eradication by the WHO on 1980 led to discontinuation 9

of the world-wide vaccination campaign. The increasing percentage of 10
unvaccinated individuals, the existence of its causative infectious agent variola 11
virus (VARV) and the recent synthetic achievements, increases the threat of 12
intentional or accidental release and reemergence of smallpox. Control of 13
smallpox would require an emergency vaccination campaign as no other 14
protective measure has been approved to achieve eradication and ensure world- 15
wide protection. Experimental data in surrogate animal models support the 16
assumption, based on anecdotal, uncontrolled historical data, that vaccination 17
up to 4 days postexposure, confers effective protection. The long incubation 18
period and the uncertainty of the exposure status in the surrounding population 19
calls for the development and evaluation of safe and effective methods that 20
would allow to extend the therapeutic window and to reduce the disease 21
manifestations and vaccine adverse reactions. To achieve these goals, we need 22
to evaluate the efficacy of novel and already licensed vaccines as a sole 23
treatment or in conjunction with immune modulators and antiviral drugs. In this 24
review, we address the available data, recent achievements and open questions. 25
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1. Human Smallpox 30

Smallpox is a human pandemic disease caused by variola virus (VARV), a virus species 31
within the genus Orthopoxvirus of the poxvirus family. Throughout the history, 32
smallpox caused devastating pandemics that affected the world population. It is 33
estimated that until the 18™ century, around one person out of ten died of smallpox. 34
Following a worldwide vaccination campaign launched by the World Health 35
Organization (WHO) the naturally occurring Smallpox has been eradicated 2. Since 36
then, no other infectious disease was successfully eradicated by vaccination. In the 37
following years, all known stocks of VARV were supposed to be destroyed or deposited 38
in two WHO collaborating centers, in the USA and in Russia, that maintain and work 39
with VARV in defined research projects under Biological Safety Level 4. The strict 40
limitations in VARV research and the fact that VARV infects and cause smallpox 41
disease only in humans limits our knowledge about the molecular mechanisms of 42
smallpox pathogenesis further complicating the development and approval of new 43
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effective antivirals and vaccines. Along with the successful eradication campaign, 44
vaccination with Vaccinia virus (VACV) against smallpox gradually discontinued. A 45
consequence of this is that a growing part of the world's populations is not protected 46
against smallpox and other orthopoxviruses. Recent assumptions that VARV or another 47
pathogenic poxvirus, natural or synthetic, might be used as a bioweapon or accidentally 48
released from a laboratory *7 raise the awareness that human poxvirus infections might 49

reemerge, resulting in an increased interest in the disease and it's countermeasures. 50
51
2. Human infections by Orthopoxviruses 52

Viruses of the family Poxviridae contain large double-stranded DNA genomes of 53
130,000 to >300,000 nucleotides and infect vertebrate (Chordopoxvirinae) and insect 54
(Entomopoxvirinae) hosts. Humans can be infected with various poxviruses from the 55
genera Orthopoxvirus, Parapoxvirus, Yatapoxvirus and Molluscipoxvirus. VARV, the 56
causative agent of smallpox, and Molluscum contagiosum virus are orthopoxviruses 57
that exclusively infect humans. Similarly, ectromelia virus (ECTV) and camelpox virus 58
(CMLV) also exhibit host restriction to mice and camelids, respectively. Other 59
orthopoxviruses species including VACV, cowpox virus (CPXV) and monkeypox virus 60
(MPXYV) exhibit broader host specificity and occasional human infections results from 61
zoonosis . 62

2.1 Variola virus (VARYV) 63

VARV is highly contagious and virulent to humans and the estimated human dose 64
(LD3o) is 1-10pfu. The obligatory infection of human hosts together with the efficient 65
protective immunity acquired by immunization were the prerequisites for the successful 66
eradication of VARV without the need to deal with natural reservoirs. Smallpox isa 67
systemic febrile disease with typical rash and a mortality rate of about 30% following 68
natural infections. Both upper respiratory tract and skin/contact infections of humans 69
with VARV are preceded by a rather long incubation of about 14 days (7-17 days). 70
Following a sharp transient increase in body temperature and other symptoms including 71
backache, headache, vomiting and prostration, centrifugal and synchronized rash 72
develops throughout the skin developing from macular to papular rash. The 73
synchronized rash serves as a first diagnostic marker of smallpox and human MPXV 74
distinguishing it from other human diseases that involve rash. In most cases, after 75
several days the rash heals leaving notable pox signs on the skin !°. In about 90% of 76
the cases (ordinary smallpox as categorized by the WHO), the mortality positively 77
correlates with the rash extent (10% to 80% fatality rates, mean 30%). Other less 78
common forms of VARV infection are hemorrhagic smallpox peaking in about one 79
weak (100% fatality rate) and flat smallpox, a more slowly developing disease course 80
with high fatality rates (>90%). As smallpox has been eradicated almost 50 years ago, 81
before sufficient data was collected, the underlying mechanisms of morbidity and 82
mortality as well as the determinants affecting the development of the various forms of 83
the disease remains elusive. However, collection of data mainly from animal models of 84
poxvirus infections highlight the roles of virus induced immune modulation !> and 85
immune pathogenesis ("cytokine storm") in disease severity '41°, 86
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2.2 Monkeypox virus (MPXYV) 87

Although Monkeypox virus (MPXV) is less pathogenic and less contagious to humans 88
than VARYV, this natural pathogen of African rodents, can cause severe human disease 89
with up to 10% mortality. Unlike VARV, MPXV exhibits a broad species specificity 90
and can cause fulminant disease in various animal species including dormice, squirrels, 91
prairie dogs, and non-human primates !’-!8. Outbreaks of human MPXV, believed tobe 92
through zoonosis, were reported in Africa (1970-1986, 1996-1997, 2017) and in the 93
USA (2003). The disease manifestations in humans that include maco-papular rash and 94
the fact that MPXV shares high similarity with VARV in structure, genome sequence 95
and antigenicity, raise the chance that MPXV will be misdiagnosed as human smallpox. 96
Due to its similarity to VARV and its ability to efficiently infect humans and cause 97
significant morbidity and mortality, MPXV is considered a potential agent of 98
bioterrorism '°. Since the 1970s, concomitantly with the discontinuation of the 99
smallpox vaccination campaign, reported monkeypox cases in humans increased 2. 100
This elevation in reported infections reflects not only the increased awareness and 101
reporting but also other factors including vanning immunity to smallpox and MPXV. 102

2.3 Cowpox virus (CPXYV) 103

Cowpox virus (CPXV), an orthopoxvirus endemic to Eurasia represents a variety 104
orthopox viruses, that can infect and cause disease in a broad range of host species 105
including rodents, voles, domestic cats, horses, zoo animals (elephant, rhinoceros, 106
okapi, cheetah) and man (zoonosis). In comparison to other orthopoxviruses, CPXV 107
genomes encode the broadest set of viral genes that unlike the host restricted members 108
(VARV, CMLV, ECTV) might enable CPXV to more efficiently evade the immune 109
system and to more easily adapt to different species 2!?2. Yet, the contribution of each 110
of those regulatory genes to virulence in the different hosts is not fully understood. 111
Human CPXYV infections through contact with diseased animals are mostly confined to 112
local skin or eye infections (often spread by auto-inoculation). Nevertheless, 113
generalized infections with fatal outcome can occur in immunocompromised 114
individuals. Similarly to human MPXYV, the increasing incidence of human CPXV 115
cases reflects, most probably the combination of zoonosis and decreasing smallpox 116

immunity in the world population. 117
118
2.4 Vaccinia virus (VACV) 119

Vaccinia virus (VACV) is the prototype orthopoxvirus mostly known through its use 120
as the smallpox vaccine. Various strains of VACV have been used to vaccinate against 121
smallpox (see below), other strains have been established as more virulent laboratory 122
viruses such as VACV Western Reserve (VACV-WR) and VACV IHD-J 2. VACV 123
infects a wide range of hosts including rodents (mice and rabbits) large mammals like 124
cows, non-human primates and humans 242, VACV inoculation of unimmunized or 125
poorly immunized healthy individuals through vaccination, results in a typical maco- 126
papular lesion clinically termed "take". Other exposures, mainly laboratory accidents, 127
usually results in local infections of the target tissue such as the skin or the eye. 128
However, VACYV infection of at-risk individuals (e.g., people with immune deficiencies 129
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or allergies like atopic dermatitis), to whom vaccination is contraindicated, may lead to 130
severe disseminated disease which might be fatal. In the last years in Brazil there is an 131
increasing incidence of natural exposures to VACV 2629, 132

The increasing incidence of orthopox virus infections (MPXV, CPXV, VACV) 133
worldwide, most probably reflecting the diminished coverage of world-wide smallpox 134
immunity, highlight the risk that VARV release would lead to a major smallpox 135
pandemic necessitating well preparedness and efficient postexposure countermeasures. 136

3 Smallpox Vaccines 137

Throughout history, smallpox caused devastating epidemics resulting in millions of 138
mortalities worldwide. In the 10" century reports from China describe the first attempts 139
to control the disease by immunization by applying a scab material from VARV 140

infected patients to the dermis of naive individuals, a process known as "variolation". 141
The success rate of those practices is uncertain, yet development of smallpox as aresult 142
of the inoculation was reported . 143

On 1796 Edward Jenner suggested a possible linkage between the presence of skin and 144
mucosal lesions on cows and on the hands of their caretakers, and the low percentage 145
of smallpox between those caretakers. By skin exposure of young children to liquid 146
recovered from those lesions, he eventually showed that the children was protected 147
from a subsequent challenge with VARV. This finding of cross protective 148
immunization among orthopoxviruses led to the invention of the Ist vaccine - the 149
smallpox vaccine 33!, Whether CPXV or VACV or other orthopoxvirus was used by 150
Jenner is unknown. Recent work, analyzing the genomic content of an historical 151
vaccine stock, produced by the Philadelphia company H.K. Mulford, dating back most =~ 152
probably to 1902, revealed that this vaccine strain shares the highest degree of similarity ~ 153
with horsepox virus. Interestingly, despite the highest similarity with horsepox in the 154
central region of the genome, deletions in both genomic termini are present in VACV 155
rather than in horsepox. This recent achievement supports the role of horsepox in the 156
evolution of smallpox vaccine and as an ancestor of the VACYV lineage *>*. During the ~ 157
eradication campaign, VACYV became the vaccine strain used in the massive worldwide 158
vaccination campaign, coordinated by the WHO that successfully eradicated smallpox. 159
The campaign was the 1% and the so far only vaccination campaign which allowed for 160
the eradication of a pandemic infectious disease !. Since then several vaccines were 161
developed **°, and representative vaccines of the various generations are listed below. 162

3.1 1% generation vaccines 163

During the 20" century, several VACV strains with variable biological properties were 164
developed and served as first generation vaccines for immunization against smallpox. 165
These viruses were replication competent with variable reactogenicities to humans. 166
Vaccines based on VACV strains Lister/Elstree, New York City Board of Health 167
(NYCBH), EM-63 and Tian-Tan were predominantly used during the smallpox 168
eradication campaign because of their higher safety record compared to other vaccines 169
such as VACV Copenhagen or Bern !. These first generation vaccines were produced 170
by several countries on various tissues: e.g., Lister based vaccines were produced on 171
chick chorioallantoic membranes while NYCBH was propagated on calf or water 172
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buffalo skin. Vaccine formulations also varied from wet frozen vaccines to dried stocks 173
(e.g. Dryvax) " 3¢, Vaccine production gradually discontinued as the disease was 174
eradicated. The feasibility of smallpox reemergence by intentional or accidental release 175
was the driving force behind renewal of vaccine stockpiling, vaccination of first 176
responders and laboratory personnel and evaluation of postexposure countermeasures. 177

3.2 2" generation vaccines 178

Adaptation of modern guidelines for the manufacturing of vaccines for human use led 179
to the development of 2nd generation vaccines. Those vaccines (e.g., Elstree-BN 180
produced from the Lister/Elstree strain by Bavarian-Nordic, Germany and 181
ACAM2000™-produced from the NYCBH by Acambis *’, utilize the same historical ~ 182
vaccine strains e.g. Lister/Elstree or NYCBH with defined manufacturing processes 183
like the replacement of infected calf skin in the former Dryvax vaccine with Vero cells, 184
the use of a cloned virus and the production in compliance with guidelines for good 185
manufacturing practices (GMP) to generate ACAM2000™. The alterations in 186
manufacturing processes and guidelines were intended to improve several parameters 187
including homogeneity, lot-to-lot consistency, and to minimize the theoretical risk of 188
contaminations with adventitious agents. However, the major advantages of these 2" 189
generation vaccines is the fact that they are based on the same (Lister) or very similar 190
(NYCBH vs. ACAM2000™) virus strain that was used during the eradication 191
campaign and therefore they have a proven record for efficacy against human smallpox. 192
This feature clearly contributed to the approval of the 2™ generation vaccine 193
ACAM2000™ as substitute for the expired historical vaccine Dryvax. However, as the 194
2" generation vaccines utilize the same vaccine strains as the 1% generation vaccines, 195
they share the same virus associated risks of developing vaccine adverse reactions (e.g. 196
neurovirulence, eczema vaccinatum, progressive vaccinia etc.) **°. The risk of severe 197
adverse events associated with both 1%t and 2™ generation vaccines and the need to 198
allow safe vaccination even to individuals with contraindications to the current 199
vaccines, is the driving force behind the process of developing and approval of 3 and 200

4™ generation vaccines. 201
3.3 3" and 4" generation vaccines 202

Unlike the 1% and the 2" generation vaccines that utilized vaccine strains of VACV 203
with approved efficacy in smallpox eradication, an obstacle in the evaluation and 204
licensing of new vaccines is that smallpox disease in humans no longer exists and 205
VARYV infects and cause smallpox disease only in humans. Efficacy of these newly 206
developed vaccines rely on animal models with related viruses and collection of 207
immune correlates arising from clinical testing in humans. Third generation vaccines 208
are based on live but highly attenuated VACV with established safety and 209
immunogenicity records (e.g., strains MVA, LC16m8, NYVAC and dVV-L) and 4% 210
generation vaccines are represented by non-infectious subunit vaccines (DNA, protein). 211
Listed below are representative 3™ generation vaccines. For complete list see . 212
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3.3.1 Modified Vaccinia Ankara (MVA) 213

Modified Vaccinia virus Ankara (MVA) is a highly attenuated strain of VACV that was 214
originally developed from the ancient VACV- Ankara strain by >500 passages in 215
chicken embryo fibroblasts for use as safer vaccine during the last decades of the 216
smallpox eradication campaign. MVA was administered to about 120,000 individuals 217
in Germany until 1980 without significant adverse events *!. Since then the vaccination 218
dose was elevated by almost 2 orders of magnitude, yet vaccine safety profile has not 219
been hampered. The attenuation process of MVA resulted in several large deletions in 220
the terminal parts of its genome and in many point mutations in comparison to 221
conventional VACYV strains, affecting genes involved in immunomodulation and host- 222
range tropism. As a consequence, and unlike VACV, MVA exhibits replication 223
deficiency in most human cells while viral protein synthesis is unimpaired. 224
Consequently, in vivo inoculation of MV A results in a strong stimulation of innate host 225
responses followed by efficient induction of adaptive immunity. Due to its replication 226
deficiency, MV A exhibits a very high safety profile in cases to whom the conventional 227
smallpox vaccines are contraindicated. These include immune compromised, allergic 228
and individuals with acute peri/myocarditis “***. MVA as orthopox vaccine has been 229
shown to induce solid protective immunity against lethal challenges with VACV, 230
CPXV or ECTV in mice and against MPXV in cynomolgous macaques *°°3°, The 231
inability of MVA to replicate in most mammalian cells restrict its ability to induce 232
durable immune response comparable to that of VACV and the current vaccination 233
protocols for MVA requires a 2 dose regimen with an almost 2 orders of magnitude 234
higher vaccine dose than the conventional vaccines. The currently commercially 235
approved MVA based vaccine, Immvanex™, is produced by Bavarian-nordic and 236
approved as a 3" generation smallpox vaccine for adults in Europe and Canada . 237

3.3.2 LC16ms8 238

LC16m8 is a Japanese cell culture smallpox vaccine strain originating from the VACV 239
strain Lister. The vaccine was developed in Japan in the 1970's aiming to produce a 240
safer smallpox vaccine than the conventional Lister/dryvax strains. Attenuation was 241
achieved by truncation of the BSR open reading frame resulting in a truncated B8 242
antigen and inefficient production of extracellular enveloped virions (EVs) most 243
important for in vivo dissemination >*’. Indeed, concerns about the vaccine's efficacy 244
were raised, yet, the data indicates that antibody response generated following 245
vaccination with LC16m8 is capable of neutralizing extracellular virions through 246
antibodies against other EV epitopes, yet at a lower efficiency than antibodies generated 247
following conventional smallpox vaccination **°. The efficacy of LC16m8 has been 248
addressed in various animal models indicating that LC16m8 induces robust poxvirus 249
protective immune response equivalent to the conventional vaccines °'-**. Unlike MVA, 250
LC16mS8 can productively replicate in a broad range of host cells and the genome of 251
the virus does not contain other known major alterations in comparison to non- 252
attenuated VACYV strains. The replication capacity of the virus increases the production 253
efficacy and the antigenic mass being produced in vivo and presented to the immune 254
system, a major advantage of live vaccines. Yet, the same feature might increase the 255
risk of adverse reactions during mass vaccinations raising the question of whether 256
LC16mS8 is safe enough for at risk individuals. In the late 70s the clinical testing of 257

6
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LC16m8 in more than 10,000 children in Japan indicated only few mild adverse 258
reactions and the vaccine was licensed in Japan in 1975 but was not used during the 259
eradication campaign since routine smallpox vaccination was halted in 1976. Since 260
2001, vaccine production started in Japan and safety and efficacy studies resumed. 261
These studies confirmed the efficacy of LC16m8 in induction of major reaction 262
("clinical take"), and adaptive poxvirus immune response comparable to that of 263
conventional vaccines % 61 676 Fuyrther preclinical studies using immune 264
compromised animals further substantiated the efficacy ¢’ and safety profile of LC16m8 265
68-69 However, the replication capacity of LC16m8 and the risk of reversion to a full- 266
length B8 gene product, renders it potentially less attenuated than MV A and potentially 267
less safe for vulnerable subjects. As the incidence of severe adverse reactions is 268
extremely low, even large scale clinical trials of naive, healthy individuals, might not 269
reach the vaccination coverage to uncover such cases. ® 7*7!. Excluding those 270
contraindicated immune compromised subjects until further data is available, and 271
coordinating data collection to cover the remaining gaps of safety and efficacy in at- 272
risk populations, based on the efficacy and safety data collected so far, the overall 273
preclinical and clinical data support further evaluation of LC16m8 as a promising 3rd 274
generation vaccine. 275

3.3.3 NYVAC 276

NYVAC is an attenuated candidate vaccine virus originally derived from the 277
Copenhagen strain of VACV. It was generated by deletion of 18 non-essential genes 278
suspected to encode viral virulence factors aiming to generate a highly attenuated 279
vaccine platform. The virus poorly replicates in murine and human cells but can 280
efficiently grow in some mammalian and avian cell lines. In the past years, NYVAC 281
vaccines have also been evaluated as 3rd generation smallpox vaccine. Preclinical 282
evaluation of NYVAC by vaccination of immune-suppressed macaques followed by 283
boost with a replication competent vaccine (Dryvax) demonstrated induction of 284
immune responses and the ability to control the replication of Dryvax in immuno- 285
compromised individuals. However, such prime-boost regime did not confer protection 286
from subsequent MPXV challenge ** 72, raising concerns about the efficacy of the 287
strategy of prime-boost vaccination in immunocompromised humans. Recent evidence 288
from immunizations in humans suggest that NYVAC induces significantly lower levels 289
of humoral immunity than conventional Lister or Dryvax vaccines shedding light on 290
the contribution of vaccine expressing immune modulating genes to vaccine efficacy 291
7374 Additional alterations are been implemented in NYVAC attempting to achieve 292
better immunogenicity while maintaining high safety profile >-76. 293

3.34 dVV-L 294

dVV-L is a replication defective 3rd generation vaccine candidate that was generated 295
by genetic modification of the VACV Lister strain through deletion of the Uracil-DNA- 296
glycosylase (UDG) gene-an essential component in poxvirus replication ’’. Productive 297
growth of dVV-L relies on cell-lines capable of complementing the UDG function 298
bearing the advantage of reducing the risk for adventitious agents by using defined and 299
approved cell-lines. dVV-L induces immune response and protective immunity 300
comparable to MVA and a good safety profile in immune-compromised animals. 301
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Moreover, solid protection of mice against lethal challenges with CPXV or ECTV could 302
be demonstrated °'. 303

In addition to developing live attenuated VACYV vaccines, efforts were made to develop 304
novel orthopox-specific subunit vaccines. These 4™ generation vaccines comprise of 305
few viral antigens as proteins or genes expressed from DNA or recombinant viruses or 306
replicons. Of several antigens that were investigated, four, namely B5, L1, A33 and 307
A27, were mostly studied alone and in combination. Their combination was effective ~ 308
in several animal models including MPXV infected non-human primates 7881, 309

4 Vaccine potency 310

A hallmark of poxvirus replication in-vivo is the formation of dermal pock lesions. 311
Whereas infection with highly pathogenic species like VARV, MPXV, CMPXV and 312
ECTV is associated with disseminated lesions in their natural hosts e.g. humans, camels 313
and mice respectively, dermal infection with other orthopoxviruses like VACV and 314
CPXYV results in most cases with a single lesion at the inoculation site. In continuation 315
with Jenner's achievement and based on the supremacy of the dermis in induction of 316
immunity, vaccination with the historical strains of VACV that serve as smallpox 317
vaccines is conducted by dermal exposure. Several methods have been developed 318
throughout the eradication process but the bifurcated needle was and is still considered 319
a major achievement 82, This specially designed needle was developed not only to hold 320
the small amount (approximately 0.02 ml) of vaccine suspension but also to administer 321
it intradermally by scratching or multipuncturing to concomitantly achieve dermal 322
sensitization and vaccine administration * 33, This method of vaccination with the 323
bifurcated needle simplifies the vaccination process and allows to achieve safe and 324
efficient mass vaccination, a pre-requisite when vaccination of a large population ata 325
short time is needed. 326

5 Correlates of immunity 327

Vaccination with VACV results in the appearance of "clinical take"- the typical pustule 328
at the site of vaccination that is still considered the hallmark of vaccination efficacy. 329
This measure of efficient vaccination is simple and applicable also in a population scale 330
scenario. The efficient eradication of smallpox by vaccination allowed to correlate 331
vaccination efficiency and protection efficacy of the vaccine strains available at that 332
time. In addition to vaccine "clinical take", neutralizing antibodies titer appears to 333
correlate well with "clinical take" better than other methods available at that time (like 334
hemagglutination inhibition) and is still being considered a sensitive and reliable 335
method for efficacy testing and a reference for evaluation of additional immune 336
parameters (e.g. binding antibodies by ELISA) 8. The ultimate VARV neutralization 337
test, although limited to only 2 labs approved to hold and work with VARV, allows to 338
confirm the therapeutic potential of new products (e.g. neutralizing antibodies, vaccines 339
etc.) . Unfortunately, the broad repertoire of immune response parameters that include 340
analysis of T cell response, cytokine profiling and analysis of innate immune response 341
were developed after smallpox eradication and thus were not correlated with protection 342
efficacy. The lack of a reliable VARV animal model further complicates this issue. 343
Nevertheless, the availability and use of the historical vaccine strains that have proven 344
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efficacy and established measures of protection, can be used in conjunction with 345
reliable animal models, to approve novel vaccines and new measures of efficacy. 346

6 Animal models 347

As smallpox has been eradicated, regulation and approval of vaccines and drugs that 348
cannot be field tested relies on the FDA "Animal Rule" (21 CFR 601.90). This rule 349
guides that approval of such products should rely on several parameters including the 350
use of appropriate animal studies in more than one well-characterized animal species. 351

Listed below are representative animal models and the viruses used ** 8688, 352
353
6.1 VACV, CPXYV and ECTY in mice 354

Since VARV infection is restricted to humans, approval of new vaccines relies on 355
established animal models that use closely related orthopoxviruses and various hosts 8. 356
Mouse models were developed with various VACYV strains, both vaccine strains and 357
mouse adapted, more virulent challenge strains (e.g. VACV-WR, VACV-IHD-J etc.). 358
Mouse infections with VACV, and most importantly, with various VACV derivatives 359
harboring deletions and insertions in the viral genome contributed significantly to the 360
understanding of the role of viral genes in the context of a whole organism and the 361
requirements of various components of the host immune system to elicit immune 362
response and protect from disease 2*. Mouse models were also developed using cowpox 363
(CPXYV), yet a relatively high infectious dose is required to achieve lethal dose (1IES 364
pfu is LDso in BALB/c mice independent of the infection route), unlike VARV in 365
humans. Ectromelia virus (ECTV), the causative agent of mousepox, is a natural mouse 366
pathogen 3!, Several models of mouse-ECTV were developed during the years that 367
show high degree of similarity between mousepox and smallpox at various parameters 368
such as: very low lethal dose (1-10pfu=1LDso), relatively long incubation period and 369
immune modulation strategy that is specific to the host. These as well as other 370
parameters makes ECTV infection of mice as an excellent surrogate model for human 371

smallpox 349192, 372
6.2 VACYV and rabbitpox in Rabbits 373
Models were also developed in Rabbits with VACV and rabbitpox (RPXV) -, 374

While VACV infection induces local response, RPXV is highly pathogenic and 375
contagious to laboratory rabbits (1-10pfu=1LDso). RPXV is not a natural rabbit 376
pathogen but was rather isolated in an animal facility in Rockefeller institute in 1932 377
9697 As this virus is not a natural pathogen, the mechanism of its virulence is unclear, 378
due to the limited availability of immune reagents and the complexity to conduct large 379
scale experiments with rabbits in BSL-3 facility (to protect the animal facilities) 380
experiments with RPXV are relatively limited. Furthermore, a very short incubation 381
period (about 2-3 days following respiratory infection) and the lack of dermal lesions, 382
humpers the use of this model for the efficacy evaluation of postexposure vaccination. 383
384

6.3 MPXYV in rodents and NHPs 385

Monkeypox (MPXV), is a select agent associated with occasional human infections 386
with as high as about 10% mortality and disseminated lesions. Various models have 387
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been established throughout the years in various hosts. Non-human primates develop 388
severe disease with disseminated lesions and death following respiratory infections, yet 389
a rather high dose of MPXV (doses of >10° plaque-forming units) is usually needed to 390
produce acute severe systemic disease **'%°. This potential disadvantage of the non- 391
human primate model and the inherent complexities of working with NHPs led to the 392
development of MPXV infections in small animal species including prairie dogs, 393
squirrels, African dormice, Gambian rats and selected mouse strains with attenuated 394
immune response '°'"1%7. Beside the major importance of MPXV as a human pathogen 395
that allows also to model the disease in NHPs, the models has several limitations: 396
MPXYV has broader host range than VARV and is much less virulent to the hosts than 397
VARV or ECTV requiring a relatively high inoculation dose to cause disease. 398
Furthermore, the length of the incubation period restrict the effective therapeutic 399
window, and the facts that MPXV is a select agent that requires a BSL-3 lab to work 400

with, somewhat complicate its use as a surrogate model for smallpox. 401
402
6.4 VARV, CPXYV and calpox in NHPs 403

Modeling smallpox in rodents by infection with VARV is limited by the exclusive 404
human tropism of VARV, and even SCID mice does not develop disease following 405
high dose of infection ', Non-human primates (NHPs) infection with VARV requires 406
extremely high viral dose (about 1E9 pfu) administered intravenously and intra- 407
tracheally to induce disease '*. Thus, and as VARV is not accessible to most 408
researchers, this model has not been used extensively. CPXV has also been evaluated 409
in infections of NHPs resulting in variable disease outcomes depending on the route of 410
infection. While intrabronchial infection resulted in infection of the respiratory tract as 411
well as lymphoid and internal organs, aerosol exposure resulted in respiratory tract 412
pathology and intravenous CPXV infection resulted in severe hemorrhagic like disease 413
15, 109-111 "So far the NHP-CPXV model has not been used for vaccine efficacy studies. 414
A model of NHP (Common Marmoset) infection with calpox has also been developed 415
12-114 " yet immunological analyses in this model awaits further development and 416
vaccine efficacy has not been documented yet. 417

418

Overall, no single model can address the various aspects of disease progression and 419
vaccine efficacy in postexposure scenarios, and the delicate use of hosts and viruses is 420
needed to overcome the limitations embedded in each of these models. 421

7 Antiviral therapy 422

During the eradication campaign and more intensively since then, several antiviral 423
drugs has been evaluated, for treatment of both systemic disease and vaccine adverse 424
reactions. These included therapeutic antibodies and antiviral drugs 3 512! Listed 425
below are few clinically tested representative drugs. 426

7.1 Vaccinia Immune globulin (VIG) 427

VIG, is an IgG preparation from human plasma of smallpox vaccine recipients, 428
indicated for the treatment of smallpox vaccine severe adverse reactions, such as 429
progressive vaccinia, eczema vaccinatum, severe generalized vaccinia and severe 430
inadvertent inoculation. Unlike old formulations (15% IgG) that were administered 431
intramascularly, current preparations (5% IgG) are administered intravenously (VIG- 432
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IV). VIG preparations, rely on the presence of plasma from smallpox vaccine recipients, 433
are highly expensive and their availability is limited. The long and good clinical 434
experience with VIG, and its FDA approval makes this drug the 1* line in treatment of 435
adverse reactions. Whereas the therapeutic value of VIG in animal models and in the 436
clinic is solid ** 122124 data of prophylactic VIG administration for the prevention of 437
adverse reaction in at risk vaccinees of various reasons is limited '?°. In the last years, 438
several therapeutic antibodies were developed and evaluated in animal models as 439
potential VIG replacement 8- 126-131, 440

7.2 Antiviral drugs 441

Since smallpox eradication, several antiviral drugs were developed and tested in the 442
various surrogate models ?°. Based on their efficacy in controlling virus replicationand 443
spread in animal models, these drugs are given as a 2™ line of treatment in cases of 444
vaccine adverse reactions (VIG is the approved 1% line of treatment). Since these drugs 445
were never tested in treatment of smallpox and due to their limited availability and high 446
price, their value as countermeasures against smallpox for a large scale pandemic is 447
questionable. Listed below are the two drugs that are at most advanced stages of FDA 448
approval for human use. 449

7.2.1 Cidofovir 450

Cidofovir (CDV) (Vistide), produced by Gilead, a nucleoside analogue approved for 451
the treatment of cytomegalovirus (CMV) retinitis in people with AIDS, efficiently 452
blocks the viral DNA polymerase, prevents viral replication and is efficacious in 453
treatment of poxvirus infected animals '**'3, Beside these advantageous, major 454
obstacles include the risk of developing drug resistance following extended use, the 455
need for intravenous administration and the inherent renal toxicity of the drug. The 456
development of the orally available derivative Brincidofovir (CMX001) by Chimerix, 457
allowed to overcome the obstacles of renal toxicity and drug administration °> 134135 458
Brincidofovir is not yet approved by the FDA. 459

7.2.2 Tecovirimat (ST-246) 460

Tecovirimat (ST-246) (SIGA) is a small molecule inhibitor that targets the viral envelop 461
protein F13 and prevents enveloped virus egress. This drug is efficacious in various 462
animal models '!% 124 136-140 3nd ynaccepted toxicity was not reported. Yet, the risk of 463
drug resistance following extended use exists. The drug is currently evaluated by 464
clinical trials as part of the FDA approval process and is stockpiled at the USA for 465
emergency use. 466

The above drugs were used in the last years for the treatment of patients with severe 467
adverse reactions of the vaccines. Yet, the concomitant use of these drugs, during the 468
course of treatment, does not allow to determine their sole efficacy in those cases. 469
Although the above data strongly support the use of these drugs for treatment of 470
smallpox '*!, it is important to clarify that their effectiveness in the treatment of 471
smallpox has not been determined. Furthermore, in a case of smallpox, due to the long 472
incubation period, treatment of only symptomatic subjects maintain the asymptomatic ~ 473
carriers as a reservoir for continuing the infection. From the other hand, treatment of 474
unexposed is not only useless, it will not protect them from future exposure from the 475
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circulating virus. Thus, despite the significant value of the antivirals, efficient 476
containment of smallpox would not be feasible without effective treatment of 477
symptomatic subjects and extensive vaccination regardless of the exposure history. 478

8 Attempts to extend the efficacy of postexposure vaccination 479

The feasibility of postexposure vaccination against smallpox is based on historical 480
anecdotal data, and on recent publications using surrogate animal models 3% 87-88%142-143 = 41
The cumulative data, considering gaps arising from limited epidemiological data and 482
the ability to correlate data from surrogate animal models, suggest that active 483
vaccination up to 4 days postexposure is protective > 87 144146 However, as already 484
discussed, in a population scale, the unknown exposure rate and the limited supply, 485
high price and unproven efficacy does not allow to rely on antivirals only but to 486
vaccinate the population and to consider the combination of antiviral in conjunction 487
with the vaccine. This understanding led to evaluate the effects of co-administration of 488
vaccine and antivirals aiming to further extend the therapeutic window of smallpox 489
vaccine and to concomitantly reduce vaccine shedding from the vaccination site and 490
the rate and severity of the vaccine adverse reactions. Addressing the issue of extending 491
the therapeutic window however is hampered by inherent limitations of the available 492
animal models like MPXV in NHPs, RPXV in rabbits and VACV-WR in mice —mainly 493
the length of the incubation period and the virulence of the viruses to the tested animals 494
necessitating high infection dose to induce severe lethal disease. For example, in NHPs, 495
a dose of 1E7 pfu of MPXV is about 5 orders of magnitude higher than VARV to 496
human, and the extremely short incubation period of about 2-3 days is much shorter 497
than in the human disease (7-14 days). Using such rapid and severe models restrict the =~ 498
ability of the vaccine to induce sufficient immune response, required for postexposure 499
protection 3% 144, 500

8.1 Combining vaccine and antivirals 501

One attempt to improve and/or extend the efficacy of postexposure vaccination was to 502
co-administer the vaccine with an antiviral drug like VIG, CDV or ST-246 (summarized 503
in Table 1) 3% 87 118,123,137, 142-143, 147198 1ndeed, the intendent use of these drugs is either 504
treatment of vaccine adverse reactions once they occur or given concomitantly to 505
prevent the adverse reaction in at risk populations '?> 1% Additional studies 506
demonstrated the advantage of co-administration of antiviral with the vaccine to reduce 507
the vaccine reactogenicity and virus shedding while maintaining vaccine efficacy. As 508
for their use in containment of smallpox reemergence, the therapeutic potential of these 509
antivirals in treating poxvirus infected animals is well established and efficacy has been 510
demonstrated by either single or repeated administration. Yet, as discussed above they 511
cannot replace the essential requirement of population scale vaccination to achieve 512
effective treatment, containment and finally re-eradication of smallpox. Since the 513
available antivirals cannot discriminate between the vaccine virus and the virulent 514
virus, upon co-administration of a drug and the vaccine, the drug might block also the = 515
vaccine replication and would potentially reduce its protective value. Current data 516
indicate that if reasonable doses of antiviral therapy are given, they will not hamper the 517
vaccines efficacy !'® '2* but can reduce vaccine shedding and the risk of developing 518
vaccine adverse reactions. 519
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8.2 combining vaccine with immune modifiers 520

An alternative approach to extend the therapeutic window of postexposure protection 521
is based on the use of immune modifiers, and more specifically adjuvants, to improve 522
the immune response to the vaccine (Table 1). Unlike protein based or inactivated 523
vaccines that rely on adjuvants, and repeated dosing, to drive sufficient immune 524
response, live vaccines, and specifically VACV, the "gold standard" vaccine replicate 525
in the host cells and induce effective immunity even after single vaccination without 526
adjuvants. In rapid pre-exposure vaccination, somewhat lower vaccine doses were 527
sufficient to prime the immune response and to confer protection to the subsequent 528
challenge, rationalizing protocols of dose-sparing regimens especially for MVA '3, 529
Yet, when postexposure immunization is requested, optimal antigen presentation is 530
crucial. Previous animal studies demonstrated that, in a postexposure scenario, higher ~ 531
vaccine dose conferred better protection >*. Elevation of the vaccine dose might notbe 532
applicable with the currently available and approved vaccines and attempts to increase 533
the vaccine dose might not be easy to approve and would humper the feasibility of 534
vaccine stockpiling for a large population scale. 535

We have recently demonstrated in a mouse model, that co-administration of VACV and 536
the TLR 3 agonist poly(I:C) conferred protection from an otherwise lethal ECTV 537
exposure '*. Interestingly, postexposure poly(I:C) administration protected mice even 538
in the absence of vaccine, indicating that the combined action of poly(I:C) with the viral ~ 539
antigens of the virulent virus (e.g. ECTV), efficiently induced robust and protective 540
immune response. Thus, poly(I:C) induced efficient immune response, allowing to 541
control the infection with ECTV. While postexposure poly(I:C) was protective, pre 542
exposure poly(I:C) administration was useless. Concomitant administration of 543
poly(I:C) with the vaccine not only maintained vaccination efficacy but also allowed to 544
extend the therapeutic window of postexposure vaccination '°. Whether the 545
combination of poly(I:C) with the vaccine will also reduce vaccine shedding and reduce 546
the risk of adverse reaction can only be deduced but awaits experimental support. 547

Other attempts to improve the efficacy of the vaccine are the introduction of immune 548
stimulatory genes into the viral (vaccine) genome, such as the introduction of IL-15 or 549
gamma Interferon into the genome of vaccinia virus °!"'32, Despite regulatory issues 550
that may arise to allow their clinical evaluation, no data is available as to their = 551
therapeutic potential in a postexposure scenario. 552

Thus, based on the available preclinical data, the ability to administer an antiviral drug 553
or an immune modifier like poly(I:C) concomitantly with the vaccine allows to improve 554
the therapeutic effect of the vaccine, to extend the therapeutic window of the vaccine, 555
and to maintain the vaccine's ability to ensure protective immunity in the targeted 556
population. 557

9 Discussion and future directions 558

The challenge of postexposure vaccination against smallpox has been addressed by 559
several labs and at present, the data supports the feasibility of emergency/postexposure 560
vaccination. The use of various surrogate models contributed to substantiate the 561
anecdotal historical data and served to evaluate the therapeutic potential of vaccines, 562
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antiviral drugs and immune modifiers. The disease in these models simulate human 563
smallpox in many aspects but develops relatively faster than smallpox in humans. Thus, 564
the effective therapeutic window in human might be even longer. Having the historical ~ 565
protective vaccine strains, the successful vaccination method (skin scarification) and 566
the correlates of protective immunity as gold standards with approved efficacy, should 567
allow to consider combination of antivirals/immune modifiers and vaccine to ensure 568
effective and extended therapeutic window. Nevertheless, the data collected so far 569
allows to demonstrate the feasibility of extending the therapeutic window of 570
postexposure vaccination and improving vaccine safety by co-administration of the 571
vaccines with antivirals or immune modifiers. This would ensure effective treatment of 572
exposed individuals while protecting the unexposed population from future exposures, 573
allowing to control the infection. 574
575
Table 1: Efficacy of postexposure combination therapy 576
Treatment Host Incubation | Therapeutic value Ref.
(Pathogen) | period
Vaccine Human 7-14 Effective up to 4 days 87, 142-
postexposure 143
(anecdotal)
Vaccine (Lister, | Mouse 6 Effective up to 4 days 54
MVA) (ECTV) postexposure (Lister 108, MVA
10
Vaccine+VIG Mouse 6 Maintains vaccine efficacy. 123
(ECTV) Effective up to 3 days
postexposure
Vaccine  (Lister, | Mouse 6 Maintains vaccine efficacy. 13
MVA) + CDV (ECTV) Effective up to 3 days
postexposure
Vaccine + CMX001 | Mouse 6 Effective 2 days postexposure (no | 48
(ECTV) data on delayed treatment).
Maintains vaccine efficacy
Vaccine + ST-246 | Mouse 3 Maintains vaccine efficacy. 137,
(VACV-WR) Effective up to 3 days 147
postexposure.
NHP (MPXV) | 2-3 Effective 3 days postexposure (no | 3¢
data on delayed treatment).
Maintains vaccine efficacy.
Vaccine (Lister) + | Mouse 6 Effective up to 5 days 13
Poly(I:C) (ECTV) postexposure.
577
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