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The US military has been a leading proponent of vaccine development since its founding. General George Washington ordered the entire American army to be variolated against smallpox after recognizing the serious threat that it posed to military operations. He did this on the recommendation from Dr. John Morgan, the physician-in-chief of the American army, who wrote a treatise on variolation in 1776. Although cases of smallpox still occurred, they were far fewer than expected, and it is believed that the vaccination program contributed to victory in the War of Independence. Effective military force requires personnel who are healthy and combat ready for worldwide deployment. Given the geography of US military operations, military personnel should also be protected against diseases that are endemic in potential areas of conflict. For this reason, and unknown to many, the US military has strongly supported vaccine research and development. Four categories of communicable infectious diseases threaten military personnel: (1) diseases that spread easily in densely populated areas (respiratory and dysenteric diseases); (2) vector-borne diseases (disease carried by mosquitoes and other insects); (3) sexually transmitted diseases (hepatitis, HIV, and gonorrhea); and (4) diseases associated with biological warfare. For each category, the US military has supported research that has provided the basis for many of the vaccines available today. Although preventive measures and the development of drugs have provided some relief from the burden of malaria, dengue, and HIV, the US military continues to fund research and development of prophylactic vaccines that will contribute to force health protection and global health. In the past few years, newly recognized infections with Zika, severe acute respiratory syndrome, Middle East respiratory syndrome viruses have pushed the US military to fund research and fast track clinical trials to quickly and effectively develop vaccines for emerging diseases. With US military personnel present in every region of the globe, one of the most cost-effective ways to maintain military effectiveness is to develop vaccines against prioritized threats to military members’ health.
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INTRODUCTION

Infectious diseases occur worldwide (1, 2). It is therefore no surprise that militaries have throughout history been subject carriers, and vectors of infectious pathogens. Until World War II, the majority of deaths in military units engaged in combat were due to infectious diseases rather than direct combat injuries (3). Personnel lived in close quarters ate common prepared food and were exposed to poor sanitary conditions in the battlefield. Outcomes of military campaigns were often driven by the health conditions more than military preparedness (4). The threat of malaria was clear in the mind of Gen Douglas McArthur when, in 1943 he remarked to Dr. P. F. Russell: “this will be a long war if for every division I have facing the enemy I must count on a second division in hospital with malaria and a third division convalescing from this debilitating disease!” (5). Military epidemiologists were instrumental in the discovery of vector-borne diseases and mechanisms of transmission of many infectious diseases. Military doctors deployed with troops in the battlefield were able to study the environment and the diseases that affected the soldiers. Their experience informed vaccine development for many infectious diseases (4, 6, 7).

Warfare has changed in the quarter century since the end of the Cold War. Military operations have become smaller, faster, and asymmetric, with “complex operations other than war” (4). Military personnel may be stationed abroad for extended period of times with frequent contact with the local populations, vectors, and animals that increase the risk of exposure to diseases that are not a threat on US soil. For the same reason, monitoring emerging diseases and potential biowarfare pathogens has been an interest of the US military (8).

Developing safe and effective vaccines is a cost-effective solution to prevent infectious diseases and maintain healthy and combat-ready personnel. For this reason, the US Department of Defense (DoD) has funded vaccine research for several infectious diseases affecting people around the world (Figure 1). However, it is important to underline how vaccine manufacturing has become one of the most challenging processes because of its complexity and inherited uncertainties of vaccine research and development. The cost of developing safe and effective vaccines has greatly increased, and without innovation and continuous commitment, it will become an unsustainable and unobtainable goal for the US military.
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FIGURE 1 | Timeline display of US military involvement in the research and development of major vaccines.



The DoD conducts most of its endemic infectious diseases vaccine research at the Walter Reed Army Institute of Research and at the Naval Medical Research Center. Research and development of biowarfare countermeasures is conducted at the US Army Research Institute for Infectious Diseases at Fort Detrick, Maryland. These institutes operate overseas research units in multiple sites in Africa, Thailand, Georgia, Cambodia, Singapore, and Peru. A central mission of these institutes has been to study, design, and develop safe and effective vaccines that would protect US military personnel. Many young physicians started their careers in vaccinology in the US military and then moved to industry or academia where they continued to make important contributions to the field. Dr. Albert Sabin, the father of oral polio vaccine, was an Army major working in the Pacific Theater during World War II and contributed to the generation of the first Japanese encephalitis (JE) vaccine and to the epidemiology of dengue. In addition, the military recognized the benefit of being able to test vaccines in endemic areas where the epidemiology of the infectious disease of interest is well documented. Since the 1960s, the US Army maintained a collaborative effort with the Royal Thai Army (RTA) by establishing a South East Asia Treaty Organization Medical Research Laboratory in Bangkok, Thailand that became the Armed Force Research Institute of Medical Science (AFRIMS) in 1977. The collaborative effort between the Thai and US Army doctors at AFRIMS, the Ministry of Public Health (MoPH), and Thai academic institutions working in collaboration with the pharmaceutical industry has conducted vaccine efficacy trials for JE, hepatitis A (HepA), dengue, and HIV resulting in the licensure of vaccine for JE, HepA, and dengue (6, 9).

THE EARLY YEARS

Smallpox

The first large-scale smallpox infection prevention campaign was conducted in 1777 by the Continental Army (10). General George Washington knew that the troops were vulnerable to smallpox and made the strategic decision to have soldiers variolated. This decision may have contributed to the defeat of the British in the Revolutionary War (1776–1783). The Army continued to vaccinate its recruits against smallpox until the early 1990s, 20 years after vaccination stopped in the civilian population and smallpox was considered eradicated (7). After the 2001 terrorist attack on the United States and the use of anthrax spores in a bioterrorism attack, smallpox once again was viewed as a potential threat to US military readiness (11). Smallpox is caused by an orthomyxovirus and poses a high epidemic risk (12, 13). Using smallpox as a biological weapon was unfortunately not new to warfare; sundries, blankets, and handkerchiefs were distributed to Native Americans in 1763 around Fort Pitt, Pennsylvania to decimate the local, native population (3). Restarting smallpox vaccination in a post-eradication world with a live vaccine was not without risk and serious adverse events (AEs) were reported (14, 15). After 2003, the military decided to vaccinate only individuals who were due to be deployed in “high risk” areas. New smallpox vaccine formulations associated with fewer AEs have been developed. Currently, the Strategic National Stockpile has three smallpox vaccines: ACAM2000®, the only licensed smallpox vaccine in the US; Aventis Pasteur Smallpox Vaccine (APSV); and Imvamune (Bavarian Nordic); the Center for Disease Control recommends routine vaccination only for specific populations at high risk of occupational exposure (16).

EARLY TWENTIETH CENTURY

Yellow Fever

The US territorial expansion brought new challenges to the military. With the acquisition of Cuba after the Spanish-American war, US troops stationed on the island were decimated by yellow fever, a debilitating disease with an estimated 20% fatality rate (17). A young group of preventive medicine officers led by Major Walter Reed was able to contain the disease by identifying the route of transmission through mosquitoes and by implementing vector control measures, they were able to control the disease. Ultimately the etiology was identified as a filterable virus transmitted by Aedes aegypti mosquito and by the 1930s, a vaccine was developed and is currently still in use (18). Recent yellow fever epidemics in South America and Africa highlight the importance of yellow fever vaccination in endemic areas. The recent epidemics and a recent manufacturing problem of the only US licensed yellow fever vaccine YF-VAX®, produced by Sanofi Pasteur, have caused a vaccine shortage. By mid-2017, worldwide stockpiles were depleted and new vaccine manufacturing will not resume till mid-2018. This event has impacted the US Military and the general population (19). Both the Centers for Disease Control (CDC) and the DoD have developed contingency measures to counteract this threat by fractioning the vaccine dose as it was demonstrated that even lower doses were immunogenic (20, 21). An important message that emerges from this incident is that a closer monitoring of worldwide stockpiles of vaccines for preventable diseases remains key when there is only one (FDA approved) vaccine manufacturer.

Typhoid

More US troops died in military training camps due to enteric fever caused by Gram negative bacillus Salmonella enterica serovar Typhi than died on the battlefield during the Spanish-American War. The same scenario unfolded during the Anglo-Boer War where 8,225 British troops died of typhoid compared to 7,582 of wounds (7, 18). A British pathologist, Sir Almroth Wright was the first to develop a typhoid vaccine at the Army Medical School, Netley, England. He pioneered a vaccine preparation method that involved heat inactivation of bacilli taken from an infected patient. After his success, Major Frederick Russell of the US Army modified the vaccine formulation and after establishing the safety and efficacy of the vaccine, typhoid immunization became a requirement for all US troops after 1911. Consequently, the US Army had the lowest typhoid fever incidence of any of the major combatants in World War I. With improvement in sanitation systems enteric fever due to S. Typhi has become rare in the developed world but in low- and middle-income countries where clean water and sanitation are still a challenge, it infects 20 million people and kills over 100,000 every year (22).

Pneumococcus

Streptococcus pneumoniae was discovered by Major George Sternberg in 1881, the same year as Louis Pasteur’s seminal discovery (23). Upper respiratory diseases were a major problem for troops, which spurred the Army to develop a vaccine against pneumococcal pneumonia. By 1930, polyvalent pneumococcal vaccines were tested at different sites, but the final successful clinical trial was performed in Sioux Falls in 1944–1945 at the Army Air Force Technical School where a high incidence of pneumococcal pneumonia was found (6). The vaccine did not have a great impact because the greater availability of penicillin lessened the need for a vaccine in healthy young adults. Subsequently, multivalent pneumococcal vaccines were introduced for the elderly (24) and ultimately the development of conjugated 10 or 13 valent formulations have drastically reduced the rate of invasive pneumococcal disease in infants, saving millions of lives since their introduction in the early 2000s (24–26).

MID TWENTIETH CENTURY

Influenza

During World War I, the pandemic of Spanish influenza had a devastating impact on the US military, claiming the lives of over 43,000 sailors and soldiers. The fast spread of the disease was aided by transport of troops across the oceans where close quartering contributed to the spread of the virus. The Armed Forces Epidemiological Board (AFEB) which evolved from previous Military Infectious Diseases Boards that were commissioned to study the epidemiology of influenza and other highly occurring infectious diseases was led by Thomas Francis Jr., the first scientist to isolate the influenza virus from an infected human (18). The work of AFEB was instrumental in the preparation of the first whole-inactivated virus vaccine tested in hospitalized inmates, military recruits, and college students. The first inactivate strain was type A influenza and sooner after the first vaccination season the inactivated B virus strain was added, and the first bivalent influenza vaccine was used to vaccinate troops in 1945. Data on flu vaccine efficacy showed that new strains were appearing in circulation each season leading to changes in vaccine virus composition to match the circulating influenza strains (18, 27). The US military has continued to study the influenza virus and the quest for a more effective vaccine, and epidemiologists have made recommendations on the composition of the yearly flu vaccine through the years (18, 27–31).

Adenovirus Type 4 and 7

As military scientists were investigating influenza infections at Fort Leonard Wood in 1952–1953, they realized that another virus with similar symptomatology was causing an acute respiratory disease (ARD) in recruiting and training camps. Adenovirus 4 and 7 was isolated from these soldiers. A formalin-inactivated adenovirus type 4 and 7 vaccine was introduced in 1956 and was soon replaced by an oral formulation that was 50% effective in reducing hospitalization caused by ARD (18). Wyeth Pharmaceuticals provided the vaccine for the US military until 1996 when production was halted. As a result of stopping vaccinations, the rate of adenovirus infections at the recruiting training centers increased dramatically in the following years (18). The cost of hospitalization and toll on military personnel health and readiness was a deciding factor for the US Army to enter into contract with Barr Pharmaceuticals in 2001 to resume production of the Ad4 and Ad7 vaccines (18). After clinical trials showed high seroconversion rate and safety profile, the Ad4 and Ad7 vaccines were approved by the US FDA and vaccination resumed in 2011 at all military recruiting centers. A follow-up study showed that after 2 years of vaccination, a 100-fold reduction in disease burden was observed in the recruit population (32).

Rubella

The rubella virus was first isolated by three military scientists (Captain Paul Parkman, Captain Malcom Artenstein, and Lieutenant Colonel Edward Buesher) from a recruit hospitalized at Fort Dix during an adenovirus outbreak in 1961 (7). The isolation of the virus prompted the development of the first rubella live-attenuated vaccine, available for the general population in 1969 (18, 33, 34). Several improvements were then brought to the original vaccine (strains, cell substrate) (34). Since then, rubella cases have steadily declined through the years and the occurrence of congenital rubella syndrome (CRS) has been drastically reduced. CRS can affect virtually every organ and the severity increases if the infection occurred early in gestation (34). The measles-mumps-rubella combination vaccine was critical to the reduction of the devastating impact of CRS (35).

Japanese Encephalitis

The Japanese encephalitis virus (JEV) was first isolated in 1935 from the brain of a patient who died of encephalitis in Japan. In early 1940, Major Albert Sabin was assigned the task of developing a vaccine against JEV. He and his team produced a formalin-inactivated vaccine from JEV-infected mouse brain that was administered to more than 250,000 military personnel during World War II. With the continued presence of US military personnel in Asia in the 1950s and during the Korean War, it became apparent that the vaccine was not efficacious enough, so vaccination was halted and research on a better vaccine commenced. In the mid 1980s, the US Army conducted the pivotal study in Thailand that led to the US FDA approval of a JEV vaccine (JE-VAX), a new whole virus formalin-inactivated vaccine (7, 18). This virus was still produced from mouse-infected brains and although it was deemed safe, concerns remained and the two pharmaceutical companies that produced and distributed JE-VAX (BIKEN and Sanofi Pasteur, respectively) stopped production in 2005. Because of the continuous threat of JE together with the need for military personnel to be station throughout Asia, the US military remained engaged in the search for a second-generation JEV vaccine preparation. Promising results with a new JEV vaccine formulation developed by Intercell AG and tested in phase I by WRAIR scientists led to the full development and approval of IXIARO (36–38). IXIARO is a JEV attenuated SA-14-14-2 strain grown in Vero cells, this vaccine was approved for use in children in 2013, and it is registered in several endemic countries. IMOJEV® (JE-CV and previously known as ChimeriVax™-JE) is a novel recombinant chimeric virus vaccine developed by Sanofi Pasteur using the yellow fever virus (YFV) vaccine vector YF-17D, replacing the cDNA encoding the envelope proteins of YFV with that of the attenuated JEV strain SA14-14-2. IMOJEV® single dose was found to be safe, highly immunogenic, and capable of inducing long-lasting immunity in both preclinical and clinical trials. It has been tested in the US military personnel (39).

Meningococcal Vaccine

Meningococcal disease, caused by the bacterium Neisseria meningitis, is associated with outbreaks among personnel in highly confined settings such as military training camps and university campuses. Outbreaks were commonly reported in military recruits since the nineteenth century, but during the Vietnam War (1964–1971), an epidemic of serogroup B and C meningococcal meningitis among US army recruits resulted in the closing of Fort Ord in California. The death rate from the epidemics during this period was similar to those due to malaria. The concurrent surge of antimicrobial resistance pushed the US military to accelerate vaccine research. The human immunological response to the bacterium served as the basis for the first polysaccharide vaccine against serogroups A and C. In 1969, four major papers were published by US Army researchers that defined the assay for bactericidal antibody using human complement that was accepted as a correlate of protection in humans and served as the basis of licensure for all existing meningococcal vaccines (40–43).

Phases I–III were conducted by the US military leading to a licensed vaccine to serogroup A followed by a combined serogroup A/C vaccine in 1970 and 1978, respectively (18). Meningococcal serotype B vaccine was harder to develop because its antigens have homology with human neuronal proteins. Although the US military was not involved with the development of this vaccine, it is worth noting that through reverse vaccinology, a method of vaccine design that starts with the prediction of antigens from the genome sequence of a meningococcal B strain (MenB), two new products are now available (44, 45).

Hepatitis A

Hepatitis A (Hep A) virus causes hepatitis epidemics in military personnel deployed in areas with poor sanitary conditions. The epidemics rarely caused death, but servicemen would develop jaundice, be indisposed, hospitalized, and unable to fight. The US military doctors first demonstrated that immunoglobulin could prevent or attenuate Hep A disease, however, protection was temporary and needed continuous re-injections that were unfeasible for long deployments in endemic areas. Therefore, WRAIR scientists sought to develop an effective vaccine. They discovered the best method of culture of Hep A virus and established in animal models that one serotype could protect against strains from other endemic areas. In 1986, they produced the first formalin-inactivated vaccine tested in humans. The phase III trial of Hep A vaccine commenced in 1991 in Thailand through a collaboration of the Thai MoPH and Smith Kline Beecham Biologics (now GSK). It involved 20,000 children vaccinated with Hep A vaccine and 20,000 with Hep B vaccine as control. The success of this trial brought the Hep A vaccine (HAVRIX) to licensure in 1995 (18).

CURRENT CHALLENGES

Several other debilitating infectious diseases represent a serious public health threat, in particular for the military personnel and for which a preventive vaccine is not yet available.

Malaria

Malaria, a mosquito-borne infectious disease, is derived from the Italian word that comes from the contracted form of mala aria or “bad air,” referring to the “intermittent fevers that affected people living near marshy districts and attributed to the unwholesome airs that were produced by the stagnant waters.” In 1775, the first US Continental Congress appropriated $300 for the first medical acquisition of “Peruvian bark” for the treatment of fever. This was prior to the discovery of the malaria parasite, but it was well recognized at the time that the bark of the cinchona tree, from which quinine is extracted, was effective in treating malarial fever (46). It was not until the 1880s when the French army surgeon, Charles Louis Alphonse Laveran first noticed the appearance of parasites (Plasmodium spp.) in the blood of a patient suffering from malaria in Algeria. In 1900, Col. William Crawford Gorgas with other Army colleagues recognized the importance of vector-borne mosquito transmission of infectious diseases to humans and implemented one of the most effective vector control programs in Panama in 1904. Within 3 years the incidence of malaria was reduced from 800 cases/1,000 workers to just 16/1,000 (47).

Until World War II, the military strategy against malaria remained primarily vector control. In 1943, the introduction of dichlorodiphenyltrichloroethane (DDT) greatly aided those efforts. During World War II, quinine, used for both treatment and chemoprophylaxis, was in short supply for Allied troops because the majority of cinchona plantations were located in Java (the Dutch East Indies) which was controlled by the Japanese. It became clear that new drugs, and a vaccine, were needed to maintain effective force protection. A malaria drug development program was started that included academic, government, industry, and military partners in an unprecedented effort to discover new antimalarial drugs. This highly classified program resulted in the discovery of chloroquine and primaquine for the treatment and prophylaxis of both falciparum and vivax malaria (48). After World War II, the US DoD remained a leading investor in malaria drug and vaccine development, which was reinvigorated by the Vietnam war and the spread of chloroquine resistance (49). It was during this time that WRAIR emerged as a lead developer in new antimalarial drugs as well as malaria vaccines (47, 50).

Due to the complexity of the malaria parasite life cycle in humans and mosquitoes, that includes asexual and sexual stages, it has been difficult to develop an effective vaccine. Early clinical experiments done by the University of Maryland and the WRAIR showed that irradiated, infected mosquitoes could transfer attenuated P. falciparum or P. vivax sporozoites through multiple infected mosquito feedings. The immune response generated conferred subsequent protection against wild-type falciparum malaria in controlled human malaria infection model (CHMI) (51, 52). These early studies, although crude, demonstrated that a vaccine against malaria was possible. A biopharmaceutical company (Sanaria) has devised a method to purify malaria sporozoites (the infective stage of the parasite) from irradiated, aseptic mosquitoes and store the irradiated sporozoites in a stable, frozen formulation. Irradiated sporozoites (referred to as PfSPZ) are thawed and administered intravenously. The PfSPZ vaccine has been tested in phase I/II clinical trials and demonstrated to protect against clinical malaria using a well-established CHMI model (53, 54). Though recent field trial results were mixed (55), this method of vaccination is being pursued, though production and scale up remain as significant hurdles (56). Another approach spearheaded by WRAIR scientists has been the use of a recombinant protein approach based on the circumsporozoite protein (CSP) of the pre-erythrocytic (sporozoite) stage of the malaria parasite. CSP was one of the first surface-expressed, GPI-anchored proteins cloned (57) from Plasmodia and was shown to be a key target for protective immunity-induced by irradiated sporozoites in animal models as well as in clinical malaria (58, 59). This strategy was undertaken in collaboration with Smith Kline Beecham (subsequently GSK), which resulted in the initial testing of the RTS,S malaria vaccine candidate in combination with several novel adjuvants by US Army investigators (60). RTS,S consists of a single fusion protein composed of the CSP central Repeat region and T cell epitopes with hepatitis B Surface antigen. This is co-expressed with free hepatitis B surface antigen in yeast cells, resulting in self-assembling viral like particles (61). Initial promising results led to the clinical development of RTS,S adjuvanted with AS01E through a pivotal phase III efficacy trial. The vaccine was given a positive scientific opinion after review by the European Medicines Agency for use outside the European Union (62–64). Phase III testing in children aged 5–17 months, showed efficacy of 51.3% against all episode of clinical malaria over 12 months at all site tested. Efficacy was lower at 18 months and was further reduced after 3 years of follow-up. A fourth vaccination seems to increase slightly efficacy overall at 32 months. WHO recommended this vaccine to be tested in small pilot studies to understand if the data can be replicated in the normal health care delivery system (65). However, this level of efficacy would not be considered sufficient for force health protection [as compared to traditional chemoprophylaxis which is ~90% effective with good adherence (66)]. These observations led to renewed interest in further assessment of the dose and schedule of RTS,S based on the initial results of et al. in 1997 where a regimen of 0, 1, and 7 months with a fractional third dose (1/5th of the first two doses) resulted in six of seven participants (87%) protected from controlled human malaria infection (60). A subsequent phase IIa trial, conducted in 2013, replicated these results, protecting 26 of 30 subjects (87%) using the CHMI model (67), suggesting that further improvements to the efficacy of this approach are feasible and warrant further clinical development (68).

Dengue

Dengue fever is a mosquito-borne disease caused by one of four serotypes of dengue virus (DENV), a flavivirus transmitted by Aedes aegypti. DENV causes a febrile illness that can occasionally be fatal, especially if managed poorly. Dengue is more likely to be severe upon infection with a second serotype different from an initial infecting serotype, and can be associated with plasma leakage, severe bleeding, respiratory distress, and organ impairment. An estimated 50–100 million annual symptomatic dengue infections are associated with 500,000 cases of severe dengue and about 20,000 deaths. Overall, the mortality rate is low (<1%) if managed properly. The quest for an effective dengue vaccine started more than 50 years ago, but an effective and safe vaccine has proved elusive. US military personnel have dealt with dengue since the beginning of the twentieth century during the Spanish-American War. In 1906, a dengue epidemic affected troops stationed at Fort McKinley, Manila, Philippines, and the Army Tropical Disease Board made the study of DENV a priority. During World War II in the South Pacific, the rapid expansion of troops and bases permitted DENV to spread from island to island on planes and ships used to supply bases. By 1944, most islands in the South Pacific had identified cases of dengue, and it was estimated that dengue in Melanesia and neighboring islands caused more than 80,000 sick days and infection rates of 12% among US troops (69). During and after World War II, Major Albert Sabin isolated DENV serotypes 1 and 2 from Hawaii and New Guinea, and William M. Hammon identified DENV serotypes 3 and 4 from the Philippines as the cause of hemorrhagic fever (7, 18, 69). There is no current anti-viral medication available for DENV infection. Monitoring of dengue cases and judicious fluid replacement have reduced the mortality rate to less than 1% (70, 71). Given the high attack rates and substantial burden of symptomatic illness, the military has focused on the development of a safe and effective dengue vaccine.

Dengue Vaccine Development: Lessons Learned and Current Challenges

Dengue vaccine has been in development for over 50 years and has presented a challenge because of the unique characteristic of the immune responses to the four virus serotypes, lack of immune correlates of protection, and lack of suitable animal models (72). A dengue vaccine sponsored by Sanofi Pasteur has been licensed in multiple dengue endemic countries, and several candidate vaccines are at various stages of development (73). Although the US military has maintained interest in several different candidate vaccine to prevent dengue, Sanofi Pasteur in 2010 initiated the first phase 2b proof of concept trial using their CYD tetravalent dengue vaccine (CYD-TDV). The trial was conducted in Thailand among 4,000 children aged 4–11 years. CYD-TDV is composed of four chimeric live-attenuated viruses (CYD1–4) based on a yellow fever vaccine backbone (YF 17D) with structural DENV proteins (74). Preclinical and clinical studies have shown that a three-dose vaccination regimen induced balanced immune responses to all four serotypes, and pre-existing flavivirus infection seemed to induce a more rapid immune response with no increase in vaccine-derived viremia. Unfortunately, this tetravalent vaccine did not provide equal protection against all four dengue serotypes, with especially low efficacy against DENV-2 (75). Subsequent multi-country phase III trials in Asia and Latin America in 2- to 16-year-old children showed good efficacy against DENV-3 and 4, moderate efficacy against DENV-1 and marginal efficacy against DENV-2. Notably, an increase in relative risk of severe dengue in vaccine recipients aged 2–5 years during the third year of the Asian phase III trial (76, 77) led to the age indication of children 9 years of age and above. CYD-TDV (trademarked as Dengvaxia®) eventually received licensure in 20 dengue endemic countries but has not yet been approved in the US. Based on an assessment of potential overall public health benefit, WHO recommended in July 2016 that vaccination could be carried out in highly endemic areas (>70% dengue seropositive rates) (65, 78). However, in November 2017 Sanofi, who continued to monitor safety of their vaccine, announced the results from a new laboratory test that could infer dengue serostatus prior to vaccination in subjects from their phase III trials and found that seronegative persons of any age (including those >9 years) who receive Dengvaxia® had a higher risk of severe dengue. On April 19, 2018, the WHO Strategic Advisory Group of Experts on Immunization revised their recommendations, emphasizing individual testing before vaccinating in order to minimize the likelihood of seronegative individuals receiving Dengvaxia®.1

The US army initially focused on tetravalent live-attenuated vaccine candidates, entering into a partnership with GSK in early 2000. A tetravalent live-attenuated dengue vaccine candidate was eventually evaluated in a phase II clinical trial in Puerto Rico (79). Subsequently, a purified, inactivated whole virus approach was pursued with GSK (80, 81), leveraging GSK’s proprietary adjuvants to try to elicit more durable tetravalent immune responses (72). US Navy has primarily pursued a DNA vaccine approach, evaluating a tetravalent DNA vaccine candidate in a phase I trial (82). Takeda has developed a tetravalent recombinant attenuated vaccine, TDV, based on a common, molecularly cloned DENV type 2 called DENVax-2. Serotypes 1, 3, and 4 are represented in the vaccine by substituting prM and E genes of DENVax-2 with those of their respective serotypes. TDV has undergone phase II trials and is currently in the midst of a large multi-country phase III efficacy trial in Asia and Latin America (NCT02747927), that includes a US Army site in the Philippines. US NIH developed their own tetravalent recombinant attenuated vaccine candidates, TV003/TV005, and has sponsored the candidate through phase I and II trials, including a trial in Thailand with the US Army. US NIH provided licenses to various manufacturers for ongoing product development, including Butantan, Vabiotech, Panacea, Serum Institute of India, Indian Immunologicals Inc., Medigen, and Merck. Butantan is currently conducting a large phase III efficacy trial of the vaccine in Brazil (NCT02406729).

Human Immunodeficiency Virus

HIV poses a significant and persistent threat in terms of readiness and force protection and may act as a war-starter by affecting the stability and security of nation-states. In 2001, the Armed Forces Epidemiology Board identified HIV as a disease of military importance; the 2001 DoD Report on Biological Warfare Defense Vaccine Research and Development identified HIV as the fourth greatest infectious disease threat to DoD forces. Department of Army Headquarters designated HIV vaccine development as an Army Technology Objective, a status reserved for the highest priority science and technology efforts.2

HIV military relevance has been recognized from the very beginning of the pandemic. In 1985, the US military recognized the emerging HIV-1 epidemic as a new threat to US and allied forces worldwide. The United States Congress mandated the establishment of the US Military HIV Research Program (MHRP) to develop effective preventive measures to include prevention education, vaccine development and implementation of novel anti-viral therapies, and clinical management tools for the US DoD and Allied Forces (83). Much of the early HIV vaccine development in the Army focused on developing a vaccine against strains (subtype B and CRF01_AE) found in Thailand, because significant rates of HIV infection from heterosexual spread were found in RTA recruits from Northern Thailand and because of the strong and successful partnership between the US Army through AFRIMS and the RTA (84). The well-developed health surveillance system developed by the Thai MoPH together with the RTA was instrumental in the early collection of samples that allowed the scientists at AFRIMS and WRAIR to show that the majority of HIV-1 circulating in Thailand was a recombinant form (CRF01_AE) together with the already known North America B serotype (85). Thailand’s strong public health infrastructure and the early adoption of standardized HIV testing among the RTA recruits gave detailed information on the prevalence of HIV infection among the different geographical regions and the general Thai population. The collection of data further documented that aggressive education and behavioral interventions that were implemented by the government and non-for-profit organizations were effective in reversing the epidemic (86). The Thai AIDS Vaccine Evaluation Group that was established early on as a way to bring together the RTA, US Army already working together at AFRIMS and the major university research centers in Thailand (84). The first set of phase I trials tested recombinant envelope proteins alone or in combination that were derived from both circulating HIV strains (Table 1) (87, 88). The vaccinations were well tolerated and induced strong antibody responses. The addition of a canarypox prime (ALVAC-HIV) improved cellular immune responses. ALVAC-HIV was tested in phase I/II trials in the US and demonstrated good cellular immunogenicity but poor antibody responses (89–91). Prime/boost combinations were tested in the US and Thailand (92, 93) and by early 2000 Sanofi Pasteur and VaxGen entered an agreement to test their products in a prime-boost phase III trial (RV144). This HIV efficacy trial involved 16,402 community risk Thai individuals recruited in Rayong and Chonburi provinces through a partnership between the US Army, NIH, RTA, MoPH and Mahidol University. RV144 was the first and remains the only HIV efficacy trial to show protection, with vaccine efficacy of 31% at 42 months (94).

TABLE 1 | HIV phase I/II/III tested by the US Army.
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RV144 also established a correlate (biomarker) associated with decreased risk of HIV infection (antibody to the HIV gp120 V1V2 region) (97). The study led to a series of additional insights regarding potential correlates of risk (98) and had greatly informed the ongoing ALVAC + g120 efficacy trial in the Republic of S. Africa. The US MHRP continues to invest in prime-boost strategies with a variety of immunogens (95, 96) (Table 1). The US military has maintained a strong support for HIV vaccine research and development and continuous monitoring of the epidemic.

Enteric Diseases

Although personal hygiene, sanitation measures, and antibiotics have greatly improved conditions in military training camps, installations, and combat field sites, enteritis continues to plague military forces during deployments (99, 100). A few studies have tried to understand the days-work lost during military deployment to justify the founding for enteric vaccines (101, 102). Enteric diseases per se are not life threatening and although the burden of time lost for soldiers may not be substantial it is imperative to consider the effect that these infections may have on the population at large (101). Vaccines against enteric diseases may benefit deployed soldiers and their families in high-risk areas and there is secondary benefit for leisure travelers as well as populations living in low- and middle-income countries where hundreds of thousands die annually of diarrheal diseases. Besides acute illness, diarrheal diseases may cause chronic debilitating conditions like Guillain–Barre syndrome after infection with Campylobacter and reactive arthritis in 5% of individuals after Shigella and Campylobacter infection. Post-infection irritable bowel syndrome is now recognized as a sequela of infectious diarrhea and occurs in approximately 10% of individuals post-gastroenteritis. These chronic conditions may decrease work hours, quality of life, and increase the health cost burden to society (101).

The US Army has invested heavily on the development of enteric vaccines focusing primarily on three pathogens: Enterotoxigenic E. coli (ETEC), Shigella, and Campylobacter as they are considered the most important threat to troops worldwide. The US military has many different vaccines in the pipeline at various stages of development. Briefly, an attenuated Shigella vaccine (WRSS1) is in a phase IIb clinical trial, and one Shigella inactivated vaccine is in phase I clinical testing. Also, subunit vaccine like for Shigella flexneri 2a (Invaplex) and the bioconjugate Flexin2a are in preclinical development. Subunit protein made of fimbrial tip adhesin of ETEC CF proteins have been also tested by the US Naval Medical Center in phase 2 clinical trials (103).

Rickettsial Diseases and Scrub Typhus

Human rickettsial diseases were grouped as “typhus fever” as they shared common symptoms. As diagnostics improved, it was discovered that the rickettial disease could be divided into three distinct groups: (1) tick typhus group (Rocky Mountain spotted fever as an example), (2) typhus group (louse born or epidemic typhus), and (3) scrub typhus group. The Rickettsiae are proteobacteria and can be transmitted by mites, fleas, flies, ticks, and lice. Mortality rates vary by species but can be high during period of war, famine and social disruption or because of underdiagnoses. The first clear account of Typhus fever occurred during the military siege of Granada in 1489 where 17,000 deaths were reported in the Spanish Army (104). Typhus devastated Napoleon’s troops during the invasion (and retreat) of Russia in 1812. Rickettsial diseases were present through World War I and II but since the etiology was discovered and troop’s hygiene improved, the incident cases also diminished. The use of the insecticide DDT, various chemical repellents, and the discovery of antibiotics collectively reduced the burden of rickettsial diseases. In addition, military troops on both fronts had access to various effective vaccines and most of the casualties were among the civilian populations (104).

The only reported rickettsial disease cases and deaths during World War II were from Scrub typhus infection (Orientia tsutsugamushi) in the Asia-Pacific region. Military scientists from WRAIR and University of Maryland discovered in 1948 that the antibiotic chloromycetin was effective against Scrub typhus but eventually resistance emerged (104). During the Vietnam War, Fever of Unknown Origin was caused mainly by Scrub typhus and had a co-infection incidence of 6% with Malaria. Until World War II, Scrub typhus was considered a sub-tropical disease, but it became apparent during the following year when US troops were stationed in Japan and Korea that seasonal Scrub typhus was present in these areas as well.

New Challenges

Chikungunya Resurging

The Chikungunya virus is transmitted by Aedes mosquitoes and was first isolated in 1953 in Tanzania. Symptoms of Chikungunya infections include abrupt onset of fever with acute arthralgia and arthritis that can last for a very long time. In 1962, the US Army isolated a strain of Chikungunya from an individual in Thailand and started the development of an attenuated vaccine. A chikungunya vaccine was eventually developed by a partnership between the Salk Institute-Government Service Division under contract with the DoD in 1984. At the time, a review of the funding priorities for potential disruptive diseases for military operations, ranked Chikungunya low on the scale of threats to the military and as consequence the project was halted. In 2005, a resurgence of Chikungunya infection was observed in Kenya and Reunion Island where tens of thousands of individuals were infected and over 200 fatalities were reported (105). Representatives of the French Ministry of Health contacted the US Secretary of Health and Human Services as they were aware of the US Army’s previous work and several pharmaceutical companies also expressed interest (105). Currently, formulations of live-attenuated Chikungunya vaccine similar to the product shelved in the mid 1990 have been tested in a phase II trial, together with other similar strains that were obtained from the US Army laboratories (106). Hopefully the vaccine will find funding through licensure as it is considered a re-emerging infection in low- to middle-income countries.

Zika Virus (ZIKV)

Even though ZIKV has been known since 1947, its spread and consequent illness reached pandemic proportion only in 2013. It is currently present in more than 80 countries and causing millions of infections yearly (107). ZIKV is transmitted by the Aedes mosquito, which is ubiquitous and favors urban areas as breeding ground. It is transmitted from mother to fetuses, via sexual intercourse and possibly via transfusion and organ transplantation (107). The ability of ZIKV to cause both dengue-like febrile symptoms and neurological conditions (Guillain–Barre syndrome and encephalitis) and to cause marked teratogenicity, makes it a formidable foe for public heath control effort and consequently for military operations. Early reports of infection with ZIKV were out of Africa but the disease presentation was confounded by co-infection with other diseases. Diagnosis was hampered by cross-reactivity with closely related flaviviruses. It is safe to assume that infection with ZIKV had probably occurred but was unrecognized or misdiagnosed as dengue or JE and never reached epidemic proportions (108). The first epidemic was reported in Yap, Federated States of Micronesia, in 2007, followed by an outbreak in the French Polynesia in 2013. There was subsequent spread throughout the South Pacific. In 2015, a major epidemic of neurological disease in infants occurred in Brazil and rapidly spread through the Americas. Singapore and Vietnam were the sites of two outbreaks, and there was widespread infection in Thailand in 2017 (108). This emerging disease was declared a Public Health Emergency of International Concern by WHO in 2016. More than 40 candidate vaccines are in preclinical stages and 7 are currently being tested in phase I throughout the world. The US military research group at WRAIR in collaboration with the Beth Israel Deaconess Medical Center is testing a ZIKV purified inactivated virus based on their previous experience with JEV vaccines (109). Currently, new Zika infection rates have dramatically plunged in South America, possibly due to “herd immunity.” Nevertheless, the quest for an effective vaccine must remain at the forefront to combat this debilitating disease (110).

Hanta Virus

Although only discovered in 1993, Hanta virus can infect humans through exposure to aerosolized rodent’s excreta; infection causes hemorrhagic fever with renal syndrome (HFRS, old world rodents) or hemorrhagic fever with pulmonary syndrome (HFP, new world rodents). Most infections occur in China (111). The US military has justified the need for a vaccine by outlining the risk of exposure that troops could face in natural disasters or wars (particularly on the Korean peninsula), where destruction of human environments and stress on population may increase exposure to Hanta virus. A clear example of this risk was brought to light during the conflict in Bosnia Herzegovina; a serosurvey for Hanta virus among soldiers showed elevated rate of exposure (16.1%) compare to the population living in the endemic areas (6.2%) (111).

Because China and Korea have had the greatest number of HFRS, both countries have developed a brain-derived inactivated HFRS vaccine which, together with public health education, have reduced but not contained cases of HFRS. This vaccine is not licensed outside Asia and does not cross-react with the Hanta serotypes circulating in Europe.

The US Army tested an HFRS vaccinia vectored vaccine, but it was poorly immunogenic in humans who were already expose to vaccinia (112). A DNA-based vaccine was subsequently developed. New vaccines, which carry Hantaan and/or Puumala M segments to induce broader immunity, were tested in a phase I clinical trials in three cohorts and showed promising results (113).

BIOTERRORISM

Not only are endemic diseases of concern for the military, so are potential exposures to agents deliberately introduced into the environment through biological warfare (BW) or bioterrorism (114).

Although President Richard Nixon terminated the offensive biological weapons program in 1969 and 1970 by executive order, research efforts in biowarfare countermeasures continue (115). During Operation Desert Shield before the Persian Gulf War and after the 9/11 events and the anthrax attacks on US institutions, it has become evident that BW remains a potential threat to US soldiers.

Bioweapon threats could include the deliberate release by attackers of an agent that causes one or more of a variety of different diseases. Public health authorities have developed a system to prioritize biological agents according to their risk to national security. Category A agents are the highest priority, and these are disease agents that pose the greatest risk to national security because they can be transmitted from person to person and/or result in high mortality, and/or have high potential to cause social disruption. These are anthrax, botulism (via botulinum toxin, which is not passable from person to person), plague, smallpox, tularemia, and a collection of viruses that cause hemorrhagic fevers, such as Ebola, Marburg, Lassa, and Machupo. These disease agents exist in nature (with the exception of smallpox) and could be manipulated to make them more dangerous. Category B agents are moderately easy to disseminate and result in low mortality. These include brucellosis, glanders, Q fever, ricin toxin, typhus fever, and other agents. Category C agents include emerging disease agents that could be engineered for mass dissemination in the future, such as Nipah virus (CDC index of possible threats).

The use of effective vaccines would likely protect lives and limit disease spread in a biological weapons emergency. Licensed vaccines are currently available for a few threats, such as anthrax and smallpox, and research is underway to develop and produce vaccines for other threats, such as tularemia, Ebola virus, and Marburg virus. Many bioweapon disease threats, however, lack a corresponding vaccine, and for those that do, significant challenges exist to their successful use in an emergency situation.3

The DoD Joint Vaccine Acquisition Program has several experimental vaccines in development (Table 2). These vaccines will be further developed and tested with the intent of obtaining products licensed by the US Food and Drug Administration (12, 116, 117).

TABLE 2 | Vaccines for bioterrorism.
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Anthrax

Anthrax is the second threat after smallpox that requires a major research and development effort in order to meet civilian and military needs. The most likely scenario for a bioterrorism attack is probably a covert attack, which exposes an urban population to an anthrax spore aerosol. If the release is detected or the first cases are rapidly diagnosed, rapid action can save many lives (12).

Providing the exposed population with antibiotics followed by vaccination could be lifesaving for exposed persons who would otherwise become ill with untreatable inhalation anthrax in the subsequent few weeks. Prophylactic antibiotics alone will prevent disease in persons exposed to antibiotic-susceptible organisms but incorporating vaccination into the treatment regime can greatly reduce the length of treatment with antibiotics. Without vaccination, antibiotics must be continued for 60 days; if effective vaccination can be provided, this can be reduced to 30 days (12). The current anthrax vaccine manufactured by Bioport (formerly the Michigan Department of Public Health Laboratory) is an alum-adsorbed, partially purified culture filtrate of Bacillus anthracis with highly protective antigen content. The schedule for administration is 0, 2, and 4 weeks and 6, 12, and 18 months. This vaccine is safe and efficacious and is being used by the armed forces to protect personnel against the use of anthrax as a weapon.

Immunization of rhesus monkeys followed by a high-dose aerosol challenge has convincingly demonstrated the capability of this vaccine to protect against aerosol challenge with B. anthracis spores. The multiple dose requirement, however, is a drawback for civilian use. Studies in progress may find ways to allow modification of the schedule. Vaccine supply is limited, as is production capacity. As a result, at least for the immediate future, the armed forces will require the entire available supply. This vaccine is made by a method developed before the advent of molecular biology and requires dedicated facilities because B. anthracis is a spore-forming organism. In addition to having a multiple-dose requirement, the vaccine is not highly purified and contains multiple extraneous proteins. The characteristics of the vaccine and the constraints on the present method of manufacturing argue strongly against procuring large amounts for civilian use when the technology and the science base exist to rapidly develop a second-generation, improved anthrax vaccine.

Anthrax depends on two toxins (lethal factor and edema factor) for virulence. A protein called protective factor is an essential component of both toxins. The protective factor content is the basis for the effectiveness of the current vaccine. A vaccine based on purified protective factor made by recombinant technology has been protective in animals. Use of a modern adjuvant with purified recombinant protective factor should make it possible to have a very effective two-dose vaccine. A recent report of the Institute of Medicine Committee on Research and Development to Improve Civilian Medical Response to Chemical and Biological Terrorism makes a strong case for a major research and development effort leading to an improved second-generation vaccine.

Questions regarding the ability of existing anthrax vaccines to protect against anthrax, strains engineered to contain additional virulence genes have been raised in Russia. Research is needed to address this and related questions about the pathogenesis of anthrax and protective immunity.

The value of vaccinating law-enforcement and emergency response personnel, who must respond to threats (real or otherwise), depends on the nature of their work and the immediacy of the threat. Laboratory personnel who must work with unknown materials and with high concentrations of known infectious materials must be vaccinated. These are additional justifications for moving ahead with a vigorous development program for anthrax and smallpox vaccines.

VACCINE COSTS AND DoD BUDGET

Because it is recognized that some of these same BW or endemic disease agents are also potential threats to civilians, significant funds have been programmed for the Biomedical Advanced Research and Development Authority (BARDA) to stockpile vaccines against a few of the most likely pandemic disease threats or bioterrorism agents, such as pandemic influenza, anthrax, and smallpox. Although there is overlap in the missions of BARDA and DoD, their ultimate goals differ in that BARDA focuses on countermeasures for treating the population after exposure to a bioterrorism agent or in response to a pandemic, whereas the DoD aims to provide protective immunity to the armed forces prior to exposure. Today, however, while vaccination of deployed troops remains a matter of national security, the cost of vaccine development has increased to the point where, without innovation and renewed commitment, the current scope of military vaccine development efforts is not sustainable.

Protecting the health of military personnel is clearly in the best interest of the US, and vaccination is the best way to prevent endemic and BW disease threats. The question, therefore, is how to pay for the numerous vaccines that would need to be developed to accomplish this goal. One answer might be for the military to just fund all of the efforts required. Many comparisons of the cost of medical countermeasures vs. the cost of fighter jets, tanks, etc. have been made, and while it is true that the DoD medical research program is small compared with the acquisition of artillery and vehicles, such comparisons are not meaningful, as the requirement for one does not negate the requirement for the other. Realistically, the chances of major increases in the DoD budget to pay for vaccines are not good. Consequently, it will be necessary to either reduce the scope of the effort to only a few high impact diseases, or to develop novel vaccine platforms and innovative (and shortened) licensing strategies to meet the need to protect deployed troops, and for spillover benefits to the civilian community (114).
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