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A B S T R A C T   

Tularemia is caused by subspecies of Francisella tularensis and can manifest in a variety of disease states, with the 
pneumonic presentation resulting in the greatest mortality. Despite decades of research, there are no approved 
vaccines against F. tularensis in the United States. Traditional vaccination strategies, such as live-attenuated or 
subunit vaccines, are not favorable due to inadequate protection or safety concerns. Because of this, novel 
vaccination strategies are needed to combat tularemia. Here we discuss the current state of and challenges to the 
tularemia vaccine field and suggest novel vaccine approaches going forward that might be better suited for 
protecting against F. tularensis infection.   

1. Immune response to Francisella infection 

Tularemia is caused by the gram-negative, facultative-intracellular 
bacterium Francisella tularensis. Infection by F. tularensis can occur via 
insect bite, exposure to infected animals, such as lagomorphs or other 
rodents, or inhaled as an aerosol; the bacteria can also be found in soil or 
water as depicted in Figure 1. These different transmission routes can 
lead to a variety of disease presentations which include ulceroglandular, 
glandular, oculoglandular, oropharyngeal, pneumonic and typhoidal, 
with pneumonic and typhoidal displaying the highest mortality rates 
[1]. F. tularensis has two subtypes – Type A, F. tularensis subsp. Tularensis 
(F. tularensis) and Type B, F. tularensis subsp. Holarctica (F. holarctica). 
Type A is the more virulent form of the bacterium and is more commonly 
associated with severe disease in humans, while Type B does not typi
cally cause severe disease. In 2019, there were 274 reported cases of 
tularemia in the United States, and 1,463 cases in the European Union 
with Type A being more common in North America and Type B in 
Europe [2,3]. Aerosol transmission and inhalation results in the most 
serious form of tularemia: pneumonic. Theoretically as few as 25 colony 
forming units (CFU) can cause pulmonary disease making it one of the 
most infectious bacterial pathogens by the aerosol route [4]. Due to its 
low infectious dose and high mortality in the pneumonic form, 
F. tularensis is a CDC-designated Tier 1 select agent governing possession 
and research activities with the microorganism. F. tularensis also has a 

sordid history as a biological threat agent and has been previously 
weaponized by several countries [5]. 

The immune response to F. tularensis has been well characterized, 
and comprehensive reviews have been written by others and therefore 
that response will be only briefly covered here [6-9]. Immunity to 
F. tularensis is remarkably sophisticated and includes both a cellular and 
antibody-based response. Both B and T cells are elicited following 
F. tularensis infection. Antibodies play an important role and are useful 
in recognizing LPS or outer membrane proteins; however, serum transfer 
from mice immunized with F. holarctica live vaccine strain (LVS) cannot 
protect against pulmonary challenge with F. tularensis, suggesting that a 
cross-reactive antibody response is not sufficient to confer protection, at 
least against pulmonary disease [10]. The LPS of Francisella is tetraa
cylated, weakly activates TLR4, and therefore does not induce inflam
matory cytokines [11]. When sera from mice pretreated with F. tularensis 
is passively transferred, recipient mice can be protected from subsequent 
challenge, but only if the T cells are intact, highlighting the role that the 
cell-mediated response plays in protection [12]. B cells may play a more 
important role in secondary infection by potentially contributing to 
antigen presentation and by producing important cytokines and che
mokines during infection [13]. Francisella can infect B cells causing 
apoptosis and potentially hampering their function, which could explain 
their less defined role during infection [14]. Antibody titers do not 
appear to be a reliable marker of vaccine efficacy, and an intact T cell 
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response appears critical for infection control [15]. αβ, γδ, and mucosal 
invariant T cells (MAIT) have all been shown to contribute to clearance 
and protective immunity in animal models [9]. IFNγ and TNF producing 
Th1 T cells are required to control infection, although roles for IL-17, IL- 
2, and IL-12 have likewise been described [7]. Innate immunity also 
contributes to protection, where NK cells likely produce IFNγ before a T 
cell response is engaged [16]. Like other intracellular pathogens, Fran
cisella can exploit host cells like macrophages and dendritic cells by 
replicating intracellularly, but IFNγ can inhibit this growth through 
reactive oxygen species [7]. Neutrophils have also been implicated in 
the initial response to Francisella as mice lacking neutrophils succumb to 
infection rapidly; however, this may be dependent on infection route as 
a lack of neutrophils has less of an impact on respiratory infection [17]. 
The effector mechanisms for neutrophils in human infection are less 
clear, especially as Francisella-infected neutrophils do not undergo res
piratory burst [18]. In addition to IFNγ, TNF and IL-12 are critical for 
initial infection control, although how quickly they are detected is route 
dependent [17]. Despite some understanding as to what roles are played 
by the innate and adaptive immune response to Francisella, how these 
responses come to together to elicit long term protection remains un
clear. Figure 2 briefly depicts the immunology of the lung and nasal 
cavity during infection. 

2. Vaccine correlates of protection against Francisella infection 

The most notable achievement in developing an efficacious Franci
sella vaccine is the development of the Live Vaccine Strain (LVS). This 
strain was created in the 1960s in the Soviet Union by attenuating 
F. holarctica [19]. This vaccine is not currently licensed in the US due to 
its inability to provide full protection against human-virulent 
F. tularensis and concerns over the possibility that it might revert to a 
more virulent form of the bacteria [8]. The original LVS strain has been 
highly passaged, making it less efficacious against fully virulent strains. 
The LVS can also undergo spontaneous phase shifts to a more attenuated 
form, which also fails to be protective [20]. Natural infection with 
F. tularensis results in protection from infection, indicating that 

immunity is possible and that basing a vaccine off the natural infection 
should yield protection. In humans, the LVS vaccine induces expansion 
of CD4+ and CD8+ T cells, γδ T cells, NK cells, and monocytes, eliciting 
a host response pattern emulating infection with F. tularensis [21]. 
Despite this expansion of immune cells in human tularemia aerosol 
challenge studies, only 54% of all LVS vaccinated volunteers were pro
tected by the vaccine and as a result did not require additional treatment 
with antibiotics to clear the bacteria [22]. As such, nearly half (46%) of 
the challenged volunteers were left unprotected by the LVS vaccine 
highlighting the low efficacy of this vaccine against the most lethal form 
of disease. While this protection was dependent on vaccination dose and 
challenge route, this emphasizes that LVS vaccination is not sufficient to 
fully protect against virulent Francisella exposure in most cases. In more 
recent years, studies have sought to identify potential correlates of 
protection in both mice and rats following F. tularensis respiratory 
infection to better understand necessary vaccine attributes. Roles for B 
cells and antibodies, T cells, and control of intramacrophage bacterial 
growth have all been identified as important, but the exact balance of 
these for vaccine mediated protection against subsequent infection re
mains unclear [23,24]. Notably, a very recent study examining human 
immune correlates to LVS vaccination showed that the cytokines IFNγ, 
TNF, IL-17 and IL-2 produced by T cells were most correlated with 
monocyte derived macrophage killing of the highly virulent SchuS4 
strain in vitro [25]. Additionally, this study showed a range of both CD4 
and CD8 memory T cell responses that lasted over a year after 
vaccination. 

It has been established that T cells are correlated with and in some 
cases absolutely required for vaccine-mediated protection [26,27]. 
However, until recently, it wasn’t clear whether circulating or tissue 
resident T cells were required for protection. Recently, Roberts et al., 
using both parabiosis and intravascular staining techniques, showed 
that both circulating and resident T cells are essential; however, neither 
cell type on their own was sufficient for protection [28,29]. This indi
cated an important role for both T cell types, especially because Fran
cisella easily disseminates from the initial infection site to distal tissues 
[28,29]. Historically, antibody response has been used as the 

Figure 1. Transmission of Francisella tularensis in the environment and within animal species. Humans can acquire Francisella tularensis from a variety of both 
environmental and zoonotic sources. Francisella has two lifecycles – one terrestrial and one aquatic. In the terrestrial lifecycle, small rodents and lagomorphs are the 
main reservoirs, with flies and ticks being capable of spreading disease to other animals; soil can also contain bacteria, and inhalation or consumption of 
contaminated soil can lead to disease. During the aquatic lifecycle, semiaquatic animals and mosquitos are the main reservoirs, but Francisella can also be found in 
water, and thus consuming contaminated water could result in infection. Having two distinct lifecycles allows Francisella to be transmitted to humans in a variety of 
ways including through broken skin or via conjunctival, oral, or respiratory routes. Created with BioRender. 
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measurement of vaccine responses, but for intracellular pathogens, an
tibodies may be less relevant. Correlates of cell-mediated protection are 
better suited for protecting against these types of organisms. For Fran
cisella, clear differences in antibody responses and repertoire are not 
always present when comparing the protective capacity of vaccine 
strains [30]. Vaccination strategies that primarily drive a humoral 
response cannot elicit protection alone; cell-mediated immunity is also a 
requirement [31]. A panel of upregulated genes identified as associated 
with protection from severe disease include NOS2, IL-21, CCL5, LTA, 
FasL, IL-2RA, IFNγ and CXCL9 [24]. Recently, this panel of genes was 
validated using the Type A strain-derived vaccine candidate ΔclpB, 
which showed partial protection against aerosol challenge with high 
doses of the homologous strain [32]. While this panel is promising for 
identifying cell-mediated correlates of protection, the studies from 
Roberts et al. also highlight that creating a vaccine to protect against 
disseminated infection can be challenging. Thus, identifying the corre
lates is essential but it is also critical to thoroughly assess immunoge
nicity and protective efficacy using the appropriate infectious challenge 
modality and vaccine delivery route needed to achieve optimal 
protection. 

3. Animal models to study Francisella vaccine responses 

Francisella species have multiple hosts and a variety of clinical 
manifestations during infection. Accordingly, the establishment of 
appropriate animal models to study immune responses and thus develop 
appropriate vaccines continues to be a complex and biologically so
phisticated work in progress. A large share of past research has focused 
on the pneumonic form due to its high mortality rate and possible bio
terrorism threat. Nonhuman primates (NHP), rabbits, and various 

rodent species (mice, rats, and guinea pigs) have all been employed as 
models to study Francisella infection and immunology with NHPs most 
closely mimicking human disease. Several species of NHP have been 
employed to study tularemia including Chlorocebus atheiops (African 
green monkeys), Macaca fascicularis (cynomolgus macaques), and 
Macaca mulatta (rhesus macaques) [9]. Pneumonic tularemia in the 
cynomolgus macaque has been developed to the point of being qualified 
as an acceptable disease model for medical countermeasures develop
ment [33]. Rodent species, including mice, either BALB/c or C57Bl/6 
strains, have commonly been utilized as disease models as susceptibility 
to low doses of F. tularensis results in systemic disease somewhat 
correlative with human host response. Popular murine models have 
demonstrated varied susceptibility to LVS based on both strain of mouse 
chosen, strain of Francisella used, and route of inoculation employed 
[9,34]. Mice are particularly susceptible to intraperitoneal infection 
with LVS, with a theoretical dose of one (1) CFU required to induce 
disease [35]; however, the implications for this route and model are 
unclear as intraperitoneal infection is not a natural route for tularemia. 
For natural routes of infection which include intradermal injection or 
inhalation by aerosol, mouse strains require differing doses for induction 
of disease which may result in lethality, making it difficult to fully 
translate host responses in this species compared to other models [36]. 
Mice are also susceptible to F. novicida, a species closely related to 
F. tularensis, which has been investigated for use as a surrogate bacte
rium in place of either LVS or the Type A strain of Francisella, as it causes 
a tularemia-like disease in mice. Despite some dose and route differences 
observed, F. novicida can be a valuable tool to evaluate novel vaccine 
candidates and for mechanistic studies. Fischer 344 rats can also mimic 
human susceptibility, but typically require higher doses than what is 
necessary for disease induction in humans, potentially calling into 

Figure 2. Proposed immune response to pulmonary infection of Francisella tularensis. F. tularensis can contracted through the respiratory route where it may 
first encounter the nasal mucosa that is rich with immune cells. While not much is known about the host-pathogen interaction of Francisella in the nasal mucosa, it is 
likely that the pathogen is taken up in the nasal-associated lymphoid tissue where both innate and adaptive immune cells mount an immune response. Once past the 
nasal mucosa, bacteria can be further inhaled into the lungs where in the luminal space, Francisella has adapted to preferentially infect alveolar macrophages. In the 
lungs, dendritic cells are important for uptake and presentation of the bacterial antigens to adaptive immune cells, particularly T cells. Proinflammatory cytokines 
like IFNγ and TNF are necessary to help combat Francisella infection. B cells and antibodies, particularly IgA in the lungs, play an important role in Francisella 
immunity, but this immunity relies primarily on cell mediated immunity and is not enough alone to confer protection. Due to the highly vascular nature of the lungs, 
F. tularensis can easily disseminate from the respiratory tract into the circulatory system and induce systemic infection, making it critically important to understand 
the appropriate immune response to elicit when creating new vaccines. Created with BioRender. 
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question their utility in modelling human disease [37]. Nonetheless, the 
ability of rats to tolerate higher doses makes them a good model of lethal 
aerosol challenge, which is highly relevant to human disease [38]. 
Rabbits, a natural Francisella host, can recapitulate human pathology 
and disease. The guinea pig, while a less defined model, have primarily 
been used to test LVS protection against challenge, and it is not clear 
how closely disease in this model matches human disease [19]. A further 
discussion on each of these animal models for Francisella can be found in 
Roberts et al. and Lyons and Wu [9,34]. Animal models are critical for 
the development of the new Francisella vaccines both due to rarity of 
infection and its associated lethality [32,39]. New vaccine candidates 
are likely to be evaluated under the FDA Animal Rule and therefore 
understanding the advantages and disadvantages of each model is 
necessary to achieve a desirable protective response and determining 
the correlates of protection needed to properly test and evaluate 
immunogenic and efficacious vaccines. 

4. Current Approaches to Francisella Vaccination 

4.1. Live Attenuated and Inactivated Whole Cell Vaccines 

Since the development of the LVS, work has proceeded in developing 
a more effective vaccine. As mentioned previously, the current LVS lacks 
efficacy against fully virulent strains; this strain also displays a mixed 
colony morphology, making it difficult to regulate immunogenicity be
tween batches [20]. It also lacks type IV pili, normally found in 
F. tularensis, due to a spontaneous mutation that occurred during the 
attenuation process. The type IV pili is a potent antigen that may ac
count for the decreased immunogenicity of LVS [40]. In clinical practice 
LVS as an attenuated live vaccine holds an unacceptably high risk of 
reactogenicity during immunization, especially in sensitive populations. 
Since the development of LVS, there have been numerous groups 
working to create novel F. tularensis vaccine candidates, many of which 
are listed in Table 1. While not exhaustive, the list highlights the varied 
approaches that have been taken in vaccine design and the subsequent 
outcomes. Since the original LVS showed moderate efficacy, others have 
constructed a modified LVS using modern good manufacturing processes 
to meet current standards for human testing. One new strain of LVS was 
well tolerated in rabbits and produced high antibody titers, with no 
organisms colonizing the liver or spleen [41]. This new lot of LVS was 
recently tested in phase 2 clinical trials and vaccine administration to 
human volunteers displayed mild to moderate adverse clinical events (e. 
g., malaise, headache, muscle aches, sore throat) considered mildly 
reactogenic but resulting in robust seroconversion [42]. It is unclear 
which antibody isotypes (IgG, IgM, or IgA) were produced following 
vaccination or what cellular immune responses were induced as no data 
was available on T cell activation, making it difficult to compare the 
efficacy of this new LVS candidate to the original formulation, particu
larly considering, as discussed earlier, there is an absolute T cell 
requirement as a correlate of protection. Other clinical trials have shown 
that vaccination with these newer generated strains induced changes in 
the lipidome, proteome, metabolome, and transcriptome that are linked 
to increases in inflammation, antigen presentation, and protein pro
cessing which can give insight into what is necessary to achieve the 
appropriate immune response to tularemia [43-46]. Knockout strains of 
LVS have been generated to determine their efficacy compared to wild- 
type LVS. ΔclpB mutants of LVS have shown protection against challenge 
with LVS with minimal weight loss and increased bacterial clearance 
[47]. Another study using the ΔclpB mutant of LVS showed a 40% sur
vival rate following challenge with SchuS4 [48]. A subsequent study by 
another group, was able to show that vaccination with a knockout strain 
of the Type A SchuS4, ΔclpB, resulted in robust homologous and heter
ologous protection against LVS and SchuS4 infection, but protection 
waned against high doses of SchuS4 [32]. The ΔclpB candidate shows 
great promise, and potential evaluation of other vaccination routes, like 
intranasal inoculation, could offer better protection at higher doses. Like 

ΔclpB mutants, aro mutants of Francisella strains have also been explored 
as live attenuated vaccine candidates. Specifically, the ΔaroD mutant of 
SchuS4 has shown strong protection in mice and induced both cellular 
and humoral immune responses [49]. A different study that used rabbits 
as the model instead of mice showed decreased protection with the ΔclpB 
strain compared to ΔaroD and that the development of O-antigen anti
bodies correlated with protection, although it appears that different 
models may have different requirements for these antibodies [50]. 
Additional studies have shown that it is likely the production of pros
taglandin E(2) by ΔclpB infected macrophages that is altering the im
mune response and leading to better outcomes, indicating this could be 
an important pathway to target in vaccine development [51-53]. There 
have been a variety of attempts to create mutant strains of LVS and 
SchuS4 to develop better vaccine candidates, a few of which are high
lighted below. Further discussion of this rational vaccine approach can 
be found in a review by Marohn and Barry [54], extensively describing 
different mutations in Francisella and their vaccine efficacy. More 
recently, a SchuS4 mutant, ΔFTT0369c, or double mutant combined 
with ΔFTT1676, also shown great protection against intradermal or 
intranasal challenge with SchuS4 [55]. Other groups have explored 
knockout or mutant strains of LVS in attempts to protect against SchuS4. 
Jia et al. created a capB mutant strain of LVS that, when used in a prime 
boost strategy with a recombinant Listeria monocytogenes strain 
expressing the F. tularensis immunoprotective antigen IgIC, showed 75% 
protection against aerosol challenge with SchuS4 [56]. Mutations in 
other LVS genes including FTL_0291, FTL_0325, and FTL_0057 have 
been tested as intranasal vaccines and showed 100% protection against 
intranasal challenge [57]. These mutant strains show that there is 
promise in live-attenuated vaccines using either Type A or Type B 
strains, but that it is a matter of identifying the right combination of 
genes to achieve proper immunogenicity for protection. 

Other studies have sought to use F. novicida as a live-attenuated 
vaccine instead of the LVS. F. novicida is not traditionally a human 
pathogen (only causing disease in the severely immunocompromised), 
making it safer to manufacture and administer. F. novicida is also more 
genetically tractable than the F. holarctica-derived LVS. Studies using 
live-attenuated F. novicida vaccination in macaques displayed pulmo
nary protection against F. tularensis in addition to higher antibody titers 
and IFNγ T cell responses compared to animals receiving LVS, high
lighting that F. novicida could be a viable platform on which to build a 
novel tularemia vaccine [58]. F. novicida shares ~97% of its genome 
with F. tularensis and is also capable of causing tularemia-like disease in 
mice, which has led researchers to use it as a surrogate for the study of 
F. tularensis in a mouse model of infection [7,59-62]. However, while 
there is high homology between the genomes of these Francisella species, 
it has been shown that there are enough genomic and protein function 
differences to pose a challenge to the use of F. novicida as a surrogate for 
F. tularensis [63-65]. 

To elicit both humoral and cellular responses, inactivated whole cell 
vaccines have also been developed and tested. These vaccines are 
attractive as they expose the host to the entirety of pathogen related 
antigens without the risk of infection or reversion to more virulent 
forms. Early attempts by Foshay using formalin-inactivated or heat- 
killed bacteria resulted in highly reactogenic formulations [66]. Alter
natively, phenol preservation used to inactivate the bacteria offered 
some protection from disease in macaques; however, some animals still 
developed necrotic legions and lymphadenopathy [67]. More recently, 
studies reevaluated inactivated LVS to assess formulations that do not 
exhibit the same reactogenicity observed in Foshay’s original formula
tions. Animals vaccinated with paraformaldehyde-inactivated LVS plus 
IL-12 displayed enhanced bacterial clearance, reduced tissue inflam
mation, and increased antibody responses when challenged with live 
LVS; however, the animals were not challenged with fully virulent 
F. tularensis, so it is not clear if this preparation would be effective 
against the most virulent subspecies [68]. The addition of IL-12 to the 
formulation was necessary for protection, perhaps in part due to its 
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Table 1 
Vaccine platforms developed for Francisella tularensis in the 21st century. Vaccine platforms are not prioritized and are listed in the order that they occur in the literature. Control groups used in each study are not 
detailed in the table but should be considered when interpreting survival outcomes. i.d. = intradermal, s.c. = subcutaneous, i.n. = intranasal, CFU = colony forming unit, PFU = plaque forming unit, PFA = para
formaldehyde, i.m. = intramuscular, i.t. = intratracheal, i.p. = intraperitoneal, CFA or IFA = complete or incomplete Freund’s Adjuvant, AAV = adeno-associated virus, TMV = tobacco mosaic virus, CpG = cytosine- 
phosphate-guanine, OMVs = outer membrane vesicles  

Immunization  Challenge 
Vaccine 
Platform 

Antigens Adjuvants Route Animal Model  Strain Route Dose (CFU) Survival Ref 

Live 
Attenuated 

Live attenuated LVS 1x105 - 1x109 CFU n/a i.d, s.c., 
scarification 

New Zealand white 
rabbit  

Unchallenged [41] 

Live attenuated SchuS4, ΔFTT0369c, 50 or 
10 CFU 

n/a i.n. BALB/c  SchuS4 i.n. 50 80% at d30 [55] 
i.d.  i.d. 10 100% at d30 

Live attenuated LVS ΔcapB, 106 CFU, rLm/ 
igIC, 106 CFU 

n/a i.d. BALB/c  SchuS4 Aerosol 10 LD50 75% at d21 [56] 

Live attenuated LVS, FTL_0291, FTL_0325, 
or FTL_0057, 1x107 CFU 

n/a i.n. BALB/c  SchuS4 i.n. 100 100% at d21 [57] 

Live attenuated F. novicida (IgID), 107 CFU n/a Oral Fischer 344 Rats  SchuS4 Pulmonary 1x104 83% at d30 [58] 
i.t. Pulmonary 100% at d30 
Pulmonary Cynomolgus 

macaques 
Aerosol 2500-5000 83% at d30 

Live attenuated LVS ΔclpB, 5x104 CFU n/a i.n. C57Bl/6 or BALB/c  LVS i.n. 5x103 100% at d14 [47] 
Live attenuated SchuS4 ΔaroD, 105 CFU, 
108 CFU 

n/a i.n. C57Bl/6  SchuS4 i.n. 100 80% at d23 [49] 

Live attentuated SchuS4 ΔclpB, 1-1.4 x 108 

CFU 
n/a Aerosol New Zealand White 

Rabbits  
SchuS4 Aerosol 2.1 x 103 30% at d30 [50] 

Live attentuated SchuS4 ΔclpB, 1 x104 or 
5x106-1x107 CFU 

n/a i.d. C57Bl/6  LVS i.p. 1x106 85% at d30 [32] 
s.c. Fischer 344 Rats  SchuS4 Aerosol 1x104 or 

5x104 
100% at d20 for low dose, 50% at 
d20 for high dose 

Immunization  Challenge 
Vaccine 

Platform 
Antigens Adjuvants Route Animal Model  Strain Route Dose (CFU) Survival Ref 

Killed Whole 
Cell 

LVS, UV, paraformaldehyde or heat-killed; 
1x108 

IL-12 for 3 days following 
immunization 

i.n. C57Bl/6  LVS i.n. 1x104 UV and PFA, 100% at day 21; heat- 
killed 87.5% on d21 

[68] 

Irradiated LVS, 7x108 ISCOMs, ISCOMs + CpG, 
or alum 

i.m. BALB/c  SchuS4 Aerosol 6 or 20 ISCOMs + CpG 20% at d21 [70] 
F. holarctica 
HN63 

Aerosol 900 ISCOMs, 67% at d25, ISCOMs +
CpG 100%, alum 0% at d12 

paraformaldehyde-inactivated LVS Cholera toxin B (CTB) i.n. BALB/c C57Bl/6  LVS i.n. 2-8x104 100% at d21 [71] 
SchuS4 i.n. 20 50% at d21 

Immunization  Challenge 
Vaccine 

Platform 
Antigens Adjuvants Route Animal Model  Strain Route Dose (CFU) Survival Ref 

Subunit OMPs from Ftt CFA i.n. C3H/HeN  SchuS4 i.n. 40 50% at d20 [105] 
O-antigen capsular polysaccharide from 
FTT 

TiterMax Gold Adjuvant i.p. BALB/c  LVS i.p. 1x104- 
1x105 

100% at d14 [72] 

Liposomal FopA from LVS aluminum hydroxide, IL- 
12 

s.c. or i.p./ i.n. 
(booster) 

BALB/c C57Bl/6  LVS i.d. or i.n. “lethal 
dose” 

80% at d21 [73] 
100% at d21 

SchuS4 i.d. 0% at d9 
Tul4 in AAV, 105 PFU n/a i.m. or i.d. BALB/c  LVS i.p. 210-400 60% at d10 [74] 
DnaK and Tul4 GPI-0100 i.n. C57Bl/6  LVS i.n. 1.5x106 86% at d16 [75] 

8x106 36% at d16 
Synthetic Tul4 and FopA peptides CpG s.c. C57Bl/6  Unchallenged [79] 
Whole cell lysate from LVS in cataionic 
surfactant vesicles 

MPL i.p./i.p C57Bl/6J  LVS i.n. 5000 100% at d14 [88] 
i.p./i.n SchuS4 i.n. 20 60% at d15 

FTT0438, FTT1043, FTT0814, LPS in 
glucan particles 

n/a s.c. Fischer 344 Rats  SchuS4 Aerosol 1.6x103 100% at d14 [86] 

FTT0438, FTT1043, FTT0814, LPS, GltA, 
Mip, IgIC, PilA in glucan particles 

i.m. or s.c. C57Bl/6 

(continued on next page) 
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ability to drive IFNγ production and activation of Th1 cell responses 
[69]. Irradiated LVS administered intramuscularly with immunostimu
lating complexes (ISCOMS) in BALB/c mice prolonged median time to 
death (MTD) but failed to protect against mortality in a low dose pul
monary challenge with F. tularensis [70]. Paraformaldehyde inactivated 
LVS has also been co-administered with cholera toxin B as the adjuvant 
and showed 100% protection against intranasal challenge with LVS and 
50% protection against intranasal challenge with F. tularensis strain 
SchuS4 [71]. Collectively, these findings indicate that live attenuated or 
inactivated whole cell vaccines with an added adjuvant could comprise 
promising platforms to developing a successful vaccine, but that the 
current LVS strain may not be an ideal base to protect against infections 
with Type A F. tularensis. 

4.2. Subunit and Conjugate Vaccines 

Both subunit and conjugate vaccine approaches to combating 
F. tularensis infection have been explored. These methods have showed 
variable efficacy, but none have been as successful as the live attenuated 
vaccines discussed above. Development of subunit vaccines typically 
relies on identifying protective antigens that elicit humoral and/or 
cellular immune responses. Lipopolysaccharide (LPS) and proteins like 
Tul4, FopA, DnaK, GroEL, KatG, and SucB have all been identified as 
common vaccine targets following F. tularensis infection, but all have 
failed to induce a protective response against pulmonary F. tularensis in 
studies [72-76]. Each of these subunit vaccines require the addition of 
an adjuvant to elicit a strong immune response, and various adjuvants 
were evaluated in these studies. To optimize the efficacy of Francisella 
vaccines, the selection of an adjuvant should be strategically targeted to 
elicit a robust cell-mediated immune response. In several of the subunit 
approaches, combination adjuvants were used that would allow for in
duction of both arms of the adaptive immune response, or solo adjuvants 
that could drive a cell-mediated response. Adjuvant choice in these 
approaches is critical, but it is the combination of the adjuvant/antigen 
pair that truly dictates protection. The inability of these subunit vaccines 
to confer complete protection could be due to a lack of known immu
nodominant epitopes seen in Francisella, thus making it more difficult to 
determine the best protein or polysaccharide combination to use [8,20]. 
How antigens are displayed may also play a role in vaccine efficacy. For 
example, Francisella has been shown to cause aberrant induction of 
proinflammatory cytokines when infecting dendritic cells in the airway 
and can cause downregulation of MHC on macrophages following 
infection [77,78]. These findings highlight that single epitopes or targets 
may not be the best candidates as they may fail to closely mimic what is 
seen during infection. Prior studies have used peptides derived from 
outer membrane proteins of F. tularensis known to be recognized by CD4 
T cells following infection. These synthetic peptides from Tul4 and FopA 
were delivered with the adjuvant CpG and drove dendritic cell matu
ration and secretion of inflammatory cytokines in addition to antigen- 
specific IgG production [79]. While this formulation was not tested 
against F. tularensis challenge, it could be promising as it elicited both 
cellular and humoral responses. 

Tetanus-toxoid conjugated to portions of the O antigen of LPS from 
LVS showed moderate protection against low dose F. tularensis intra
nasal challenge and demonstrated high antibody titers in BALB/c mice. 
The response was specific to the molecular weight of the O antigen used 
in the formulation, with higher molecular weight O antigen conferring 
greater protection [80]. The O antigen has also been conjugated to 
bovine serum albumin, and mice immunized with this formulation were 
protected against intradermal challenge with LVS, but not aerosolized 
LVS or F. tularensis [81]. A glycoconjugate-based vaccine using the 
F. tularensis O antigen linked to P. aeruginosa exotoxin A (ExoA) induced 
high antibody titers, and prolonged mean time to death following LVS 
challenge, with approximately half of immunized mice surviving more 
than 20 days post challenge, which was roughly 15 days longer than 
unvaccinated controls [82]. In a follow-up investigational study, a rat Ta
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model of infection combined with the same glycoconjugate-based vac
cine and the adjuvant MF59 was used, showing strong protection against 
pulmonary challenge with low dose F. tularensis [83]. It was shown that 
immunizations using this vaccine adjuvant combination elicited an IFNγ 
response from splenocytes, which was driven by ExoA. Rawool et al. 
sought to target their vaccine candidate directly to APCs by using 
inactivated F. tularensis bound by F. tularensis LPS specific IgG2a 
monoclonal antibodies [84]. This allowed the vaccine to be directly 
taken up by APCs via their Fc receptors and showed protective efficacy 
against LVS challenge but only moderate protection against virulent 
F. tularensis SchuS4. Another intriguing possibility would be to directly 
target complement receptor on APCs using engineered vaccine strains 
specifically designed for this purpose. This has already been shown to be 
effective in a Francisella model that targets macrophage complement 
receptors and could be broadened to other APCs [85]. Collectively, these 
studies showed variable efficacy but are suggestive that a combination 
of Francisella antigens and other components like adjuvants are ulti
mately needed to elicit the right balance of protective cellular and hu
moral immunity. 

4.3. Nanoparticle Vaccines 

Other approaches have sought to conjugate Francisella proteins to 
novel nanoparticle delivery systems. One method used glucan particles 
that were loaded with F. tularensis antigens combined with LVS-derived 
LPS conjugated to the particle surface. This approach induced protection 
against aerosol challenge with F. tularensis SchuS4 and reduced signs of 
clinical disease severity in both C57Bl/6 mice and Fisher 344 rats, 
however they did not identify correlates of protection [86]. Using a 
similar approach (proteins conjugated to a carrier system), OmpA, 
DnaK, Tul4, and SucB were coupled to the surface of a tobacco mosaic 
virus (TMV) to create a quadrivalent particle vaccine formulation. 
Intranasal immunization with this protein-TMV conjugate elicited 100% 
protection against lethal challenge with LVS up to 21 days post chal
lenge and 80% protection up to 163 days post challenge [87]. This 
formulation was also able to produce recall IFNγ responses 84 days later 
in splenocytes in addition to IgG titers emulating antibodies elicited 
from infectious challenge [87]. This study represents a promising 
approach to Francisella vaccination. While protection was only assessed 
against the LVS, the recall response for splenocytes was also measured 
against virulent F. tularensis which still showed high production of IFNγ. 
Another approach used self-assembling nanostructures: catanionic sur
factant vesicles that were incorporated with a whole-cell lysate from 
F. tularensis [88]. These vesicles, adjuvanted with monophosphoryl lipid 
A (MPL-A) showed complete protection against LVS and moderate 
protection against F. tularensis SchuS4. It was highlighted that while this 
formulation strongly increased antibody responses, the T cell response 
was not well characterized and could be the key to understanding and 
creating a strong protective vaccine against F. tularensis SchuS4. 

Bacterial outer membrane vesicles (OMVs) represent a unique subset 
of nanoparticles as they are naturally shed from gram-negative bacteria 
and thus can simulate live bacteria [89]. OMVs are being explored in a 
variety of contexts as nanoparticle vaccines, including in the FDA- 
approved vaccine for meningococcal group B disease, Bexsero [90]. 
Other work has shown that the same OMVs can be both a vaccine and an 
adjuvant, thus potentially behaving as a self-adjuvanting antigen de
livery system [89,91-93]. OMVs from the closely related F. novicida may 
be one novel vaccine approach for combatting tularemia. While it is 
known that F. novicida OMVs are protective against homologous infec
tion with F. novicida, investigational studies are needed to assess 
whether this addition will elicit protection against F. tularensis [94,95]. 
The OMV vaccine approach is complicated by the fact that F. tularensis 
itself doesn’t produce OMVs in sufficient quantity to be of use as a 
vaccine. Therefore, another possible approach would be to use 
F. novicida OMVs that express, or are conjugated to, known protective 
antigens from F. tularensis thereby combining the inherent adjuvanticity 

and immune stimulating aspects of OMVs with the most promising an
tigens that offer protection against F. tularensis infection. 

Nanoparticles as delivery systems or adjuvants are becoming more 
desirable, especially considering the success of the Pfizer and Moderna 
SARS-CoV-2 mRNA vaccines that are encapsulated in lipid nanoparticles 
[96]. For nucleic acid-based vaccines, like the mRNA vaccines, this de
livery system is critical in delivering antigen to the right host 
compartment to achieve protective immunity. Nanoparticles themselves 
display inherent adjuvanticity due to their size and composition which 
would also allow formulations using them to benefit from this effect 
[97]. When considering the development of vaccines against intracel
lular bacteria like Francisella, it may also be sensible to use a 
nanoparticle-based system that could deliver target antigens into a host 
cell, where they are likely to be contextually encountered to achieve 
immune responses mimicking natural infection. 

5. Conclusions and future vaccine efforts 

Over the past decade, new knowledge has been gained regarding 
immunity to Francisella infection and vaccine correlates of protection 
against a variety of infection routes. Despite this work, these advances 
have not yielded a FDA approved human vaccine for use in military or 
civilian populations. Several candidates that have been highlighted here 
have shown preclinical promise, but only one has entered clinical trials 
and is not yet approved for humans in all reaches of the globe. Tradi
tional approaches including live-attenuated, subunit, and conjugate 
vaccines have all been attempted with varying degrees of success. This 
could be due to the failure of newer vaccine formulations in engaging an 
immune response that is like infection, or it could be their inability to 
engage both the innate and adaptive arms of the immune system. A 
recent study showed that depending on the route of infection, 
F. tularensis has different, specific metabolic niches [98]. This could 
mean that there is no one answer to vaccinating against F. tularensis and 
that having multiple types of vaccines available is ideal for combatting 
different routes of infection. Some newer vaccine approaches included 
an adjuvant to stimulate the immune response, which often yielded 
better results compared to non-adjuvanted groups [68,70,83,99]. The 
addition of an appropriate adjuvant could be the key to unlocking a 
successful vaccine approach. Adjuvants are known to boost the immune 
system in a variety of ways and to act as depots, pattern recognition 
receptor activators, while having the capacity to engage the inflamma
some [100]. Protective immunity to Francisella requires T cells, with a 
less defined role for B cells; innate responses also contribute to immunity 
leading to production of cytokines and ultimately control of intracellular 
replication [7,9]. Vaccination against Francisella should take all of these 
into consideration and engage the immune system in the appropriate 
manner with the proper combination of antigens and adjuvants. It is 
possible that new, untested adjuvants could have a potent effect on 
protective immunity against F. tularensis infection. This is particularly 
true in the case of adjuvants that can target mucosal tissues with 
appropriate immune responses. For example, it is known that the ADP- 
ribosylating adjuvant double mutant heat labile toxin (dmLT) can drive 
both antigen specific T and B cells into mucosal tissues such as the lung 
and gut [101,102]. This is true even when the dmLT adjuvanted vaccine 
was delivered non-mucosally. Further, a variety of newer adjuvants, 
including dmLT, can be delivered directly via mucosal routes and it is 
known that mucosal vaccination can induce robust tissue resident im
munity at sites of delivery, so this is perhaps another strategy to protect 
against pulmonary infection [103]. It may also be possible to combine 
different adjuvants to generate an even more robust immune response 
that engages the innate immune system and subsequently induces syn
ergistically increased cellular immunity. This has been shown with the 
adjuvants dmLT combined with the lipopolysaccharide-derived mono
phosporyl lipid A that activate the non-pyroptotic inflammasome to 
increase antigen specific CD4 T cell numbers more than what would be 
expected from either adjuvant alone [104]. 
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It is becoming clear that novel vaccine approaches are needed 
against F. tularensis, especially for infections that are acquired via the 
respiratory tract. Some of these strategies may require a combination of 
novel adjuvants and formulations such as nanoparticle delivery systems. 
Other strategies could be the use of alternate mucosal routes of vacci
nation, such as an intranasal or oral, inhaled spray vaccine that directly 
targets immunity in the lung. Combining preclinical animal models with 
novel vaccine approaches that can lead to clinical trials is the essential 
next step for developing tularemia vaccines that can protect against 
infection and represents the next step in vaccine development for this 
lethal bacterial pathogen. 

CRediT authorship contribution statement 

Jaikin E. Harrell: Writing – original draft, Writing – review & 
editing, Conceptualization. Chad J. Roy: Writing – original draft, 
Writing – review & editing. John S. Gunn: Writing – original draft, 
Writing – review & editing. James B. McLachlan: Conceptualization, 
Funding acquisition, Writing – original draft, Writing – review & editing. 

Declaration of competing interest 

Tulane holds a patent on which JBM is an inventor. 

Data availability 

No data was used for the research described in the article. 

Acknowledgments 

This project was supported by National Institutes of Health grant 
R01AI166756 (to JBM) 

References 

[1] Keim P, Johansson A, Wagner DM. Molecular Epidemiology, Evolution, and 
Ecology of Francisella. Ann N York Acad Sci 2007;1105:30–66. https://doi.org/ 
10.1196/annals.1409.011. 

[2] US Centers for Disease Control. Tularemia Statistics. 2022. 
[3] European Centre for Disease Protection and Control. Annual Epidemiological 

Report for 2019:2021. 
[4] McCrumb FR. Aerosol infection of man with pasteurella tularensis. Bacteriol Rev 

1961;25:262–7. https://doi.org/10.1128/br.25.3.262-267.1961. 
[5] Dennis DT, Inglesby TV, Henderson DA, Bartlett JG, Ascher MS, Eitzen E, et al. 

Tularemia as a biological weapon: medical and public health management. JAMA 
2001;285:2763–73. https://doi.org/10.1001/jama.285.21.2763. 

[6] Metzger DW, Bakshi CS, Kirimanjeswara G. Mucosal immunopathogenesis of 
francisella tularensis. Ann Ny Acad Sci 2007;1105:266–83. https://doi.org/ 
10.1196/annals.1409.007. 

[7] Cowley SC, Elkins KL. Immunity to Francisella. Front Microbiol 2011;2:26. 
https://doi.org/10.3389/fmicb.2011.00026. 

[8] Elkins KL, Kurtz SL, Pascalis RD. Progress, challenges, and opportunities in 
Francisella vaccine development. Expert Rev Vaccines 2016;15:1–14. https://doi. 
org/10.1586/14760584.2016.1170601. 

[9] Roberts LM, Powell DA, Frelinger JA. Adaptive immunity to francisella tularensis 
and considerations for vaccine development. Front Cell Infect Mi 2018;8:115. 
https://doi.org/10.3389/fcimb.2018.00115. 

[10] Kirimanjeswara GS, Olmos S, Bakshi CS, Metzger DW. Humoral and cell-mediated 
immunity to the intracellular pathogen Francisella tularensis. Immunol Rev 2008; 
225:244–55. https://doi.org/10.1111/j.1600-065x.2008.00689.x. 

[11] Gunn JS, Ernst RK. The structure and function of francisella lipopolysaccharide. 
Ann N York Acad Sci 2007;1105:202–18. https://doi.org/10.1196/ 
annals.1409.006. 

[12] Cole LE, Elkins KL, Michalek SM, Qureshi N, Eaton LJ, Rallabhandi P, et al. 
Immunologic consequences of francisella tularensis live vaccine strain infection: 
role of the innate immune response in infection and immunity. J Immunol 2006; 
176:6888–99. https://doi.org/10.4049/jimmunol.176.11.6888. 

[13] Elkins KL, Bosio CM, Rhinehart-Jones TR. Importance of B cells, but not specific 
antibodies, in primary and secondary protective immunity to the intracellular 
bacterium francisella tularensis Live Vaccine Strain. Infect Immun 1999;67: 
6002–7. https://doi.org/10.1128/iai.67.11.6002-6007.1999. 

[14] Krocova Z, Härtlova A, Souckova D, Zivna L, Kroca M, Rudolf E, et al. Interaction 
of B cells with intracellular pathogen Francisella tularensis. Microb Pathogenesis 
2008;45:79–85. https://doi.org/10.1016/j.micpath.2008.01.010. 

[15] Saslaw S, Eigelsbach HT, Prior JA, Wilson HE, Carhart S. Tularemia Vaccine 
Study: II. Respiratory Challenge. Arch Intern Med 1961;107:702–14. https://doi. 
org/10.1001/archinte.1961.03620050068007. 

[16] Elkins KL, Cowley SC, Bosio CM. Innate and adaptive immune responses to an 
intracellular bacterium, Francisella tularensis live vaccine strain. Microbes Infect 
2003;5:135–42. https://doi.org/10.1016/s1286-4579(02)00084-9. 

[17] Elkins KL, Cowley SC, Bosio CM. Innate and Adaptive Immunity to Francisella. 
Ann Ny Acad Sci 2007;1105:284–324. https://doi.org/10.1196/annals.1409.014. 

[18] McCaffrey RL, Allen LH. Francisella tularensis LVS evades killing by human 
neutrophils via inhibition of the respiratory burst and phagosome escape. 
J Leukocyte Biol 2006;80:1224–30. https://doi.org/10.1189/jlb.0406287. 

[19] Eigelsbach HT, Downs CM. Prophylactic Effectiveness of Live and Killed 
Tularemia Vaccines | The Journal of Immunology 1961. https://www.jimmunol. 
org/content/87/4/415.long (accessed May 11, 2022). 

[20] Griffin KF, Oyston PCF, Titball RW. Francisella tularensis vaccines. Fems 
Immunol Medical Microbiol 2007;49:315–23. https://doi.org/10.1111/j.1574- 
695x.2007.00219.x. 

[21] Fuller CL, Brittingham KC, Hepburn MJ, Martin JW, Petitt PL, Pittman PR, et al. 
Dominance of human innate immune responses in primary Francisella tularensis 
live vaccine strain vaccination. J Allergy Clin Immunol 2006;117:1186–8. 
https://doi.org/10.1016/j.jaci.2006.01.044. 

[22] Hornick RB, Eigelsbach HT. Aerogenic immunization of man with live Tularemia 
vaccine. Bacteriol Rev 1966;30:532–8. 

[23] Pascalis RD, Mittereder L, Kennett NJ, Elkins KL. Activities of Murine peripheral 
blood lymphocytes provide immune correlates that predict francisella tularensis 
vaccine efficacy. Infect Immun 2016;84:1054–61. https://doi.org/10.1128/ 
iai.01348-15. 

[24] Pascalis RD, Hahn A, Brook HM, Ryden P, Donart N, Mittereder L, et al. A panel of 
correlates predicts vaccine-induced protection of rats against respiratory 
challenge with virulent Francisella tularensis. PLoS One 2018;13:e0198140. 

[25] Lindgren H, Eneslätt K, Golovliov I, Gelhaus C, Sjöstedt A. Analyses of human 
immune responses to Francisella tularensis identify correlates of protection. Front 
Immunol 2023;14:1238391. https://doi.org/10.3389/fimmu.2023.1238391. 

[26] Conlan JW, Shen H, KuoLee R, Zhao X, Chen W. Aerosol-, but not intradermal- 
immunization with the live vaccine strain of Francisella tularensis protects mice 
against subsequent aerosol challenge with a highly virulent type A strain of the 
pathogen by an αβ T cell- and interferon gamma- dependent mechanism. Vaccine 
2005;23:2477–85. https://doi.org/10.1016/j.vaccine.2004.10.034. 

[27] Griffin AJ, Crane DD, Wehrly TD, Bosio CM. Successful Protection against 
Tularemia in C57BL/6 Mice Is Correlated with Expansion of Francisella 
tularensis-Specific Effector T Cells. Clin Vaccine Immunol 2015;22:119–28. 
https://doi.org/10.1128/cvi.00648-14. 

[28] Roberts LM, Wehrly TD, Leighton I, Hanley P, Lovaglio J, Smith BJ, et al. 
Circulating T Cells are not sufficient for protective Immunity against virulent 
francisella tularensis. J Immunol 2022;208:1180–8. https://doi.org/10.4049/ 
jimmunol.2100915. 

[29] Roberts LM, Wehrly TD, Ireland RM, Crane DD, Scott DP, Bosio CM. Temporal 
Requirement for Pulmonary Resident and Circulating T Cells during Virulent 
Francisella tularensis Infection. J Immunol 2018;201:ji1800052. Doi: 10.4049/ 
jimmunol.1800052. 

[30] Ryden P, Twine S, Shen H, Harris G, Chen W, Sjostedt A, et al. Correlates of 
protection following vaccination of mice with gene deletion mutants of 
Francisella tularensis subspecies tularensis strain, SCHU S4 that elicit varying 
degrees of immunity to systemic and respiratory challenge with wild-type 
bacteria. Mol Immunol 2013;54:58–67. https://doi.org/10.1016/j. 
molimm.2012.10.043. 

[31] Kirimanjeswara GS, Golden JM, Bakshi CS, Metzger DW. Prophylactic and 
therapeutic use of antibodies for protection against respiratory infection with 
francisella tularensis. J Immunol 2007;179:532–9. https://doi.org/10.4049/ 
jimmunol.179.1.532. 

[32] Pascalis RD, Frey B, Rice HM, Bhargava V, Wu TH, Peterson RL, et al. Working 
correlates of protection predict SchuS4-derived-vaccine candidates with 
improved efficacy against an intracellular bacterium. Francisella tularensis. Npj 
Vaccines 2022;7:95. https://doi.org/10.1038/s41541-022-00506-9. 

[33] Guina T, Lanning LL, Omland KS, Williams MS, Wolfraim LA, Heyse SP, et al. The 
Cynomolgus macaque natural history model of pneumonic tularemia for 
predicting clinical efficacy under the animal rule. Front Cell Infect Microbiol 
2018;8:99. https://doi.org/10.3389/fcimb.2018.00099. 

[34] Lyons CR, Wu TH. Animal Models of Francisella tularensis Infection. Ann Ny Acad 
Sci 2007;1105:238–65. https://doi.org/10.1196/annals.1409.003. 

[35] Fortier AH, Slayter MV, Ziemba R, Meltzer MS, Nacy CA. Live vaccine strain of 
Francisella tularensis: infection and immunity in mice. Infect Immun 1991;59: 
2922–8. https://doi.org/10.1128/iai.59.9.2922-2928.1991. 

[36] Conlan JW, Chen W, Shen H, Webb A, KuoLee R. Experimental tularemia in mice 
challenged by aerosol or intradermally with virulent strains of Francisella 
tularensis: bacteriologic and histopathologic studies. Microb Pathog 2003;34: 
239–48. https://doi.org/10.1016/s0882-4010(03)00046-9. 

[37] Ray HJ, Chu P, Wu TH, Lyons CR, Murthy AK, Guentzel MN, et al. The Fischer 
344 rat reflects human susceptibility to francisella pulmonary challenge and 
provides a new platform for virulence and protection studies. PLoS One 2010;5: 
e9952. 

[38] Hutt JA, Lovchik JA, Dekonenko A, Hahn AC, Wu TH. The Natural History of 
Pneumonic Tularemia in Female Fischer 344 Rats after inhalational exposure to 
aerosolized francisella tularensis Subspecies tularensis strain SCHU S4. Am J 
Pathol 2017;187:252–67. https://doi.org/10.1016/j.ajpath.2016.09.021. 

J.E. Harrell et al.                                                                                                                                                                                                                               

Descargado para Biblioteca Medica Hospital México (bibliomexico@gmail.com) en National Library of Health and Social Security de ClinicalKey.es por Elsevier en 
abril 09, 2024. Para uso personal exclusivamente. No se permiten otros usos sin autorización. Copyright ©2024. Elsevier Inc. Todos los derechos reservados.

https://doi.org/10.1196/annals.1409.011
https://doi.org/10.1196/annals.1409.011
http://refhub.elsevier.com/S0264-410X(24)00264-0/h0015
http://refhub.elsevier.com/S0264-410X(24)00264-0/h0015
https://doi.org/10.1128/br.25.3.262-267.1961
https://doi.org/10.1001/jama.285.21.2763
https://doi.org/10.1196/annals.1409.007
https://doi.org/10.1196/annals.1409.007
https://doi.org/10.3389/fmicb.2011.00026
https://doi.org/10.1586/14760584.2016.1170601
https://doi.org/10.1586/14760584.2016.1170601
https://doi.org/10.3389/fcimb.2018.00115
https://doi.org/10.1111/j.1600-065x.2008.00689.x
https://doi.org/10.1196/annals.1409.006
https://doi.org/10.1196/annals.1409.006
https://doi.org/10.4049/jimmunol.176.11.6888
https://doi.org/10.1128/iai.67.11.6002-6007.1999
https://doi.org/10.1016/j.micpath.2008.01.010
https://doi.org/10.1001/archinte.1961.03620050068007
https://doi.org/10.1001/archinte.1961.03620050068007
https://doi.org/10.1016/s1286-4579(02)00084-9
https://doi.org/10.1196/annals.1409.014
https://doi.org/10.1189/jlb.0406287
https://doi.org/10.1111/j.1574-695x.2007.00219.x
https://doi.org/10.1111/j.1574-695x.2007.00219.x
https://doi.org/10.1016/j.jaci.2006.01.044
http://refhub.elsevier.com/S0264-410X(24)00264-0/h0110
http://refhub.elsevier.com/S0264-410X(24)00264-0/h0110
https://doi.org/10.1128/iai.01348-15
https://doi.org/10.1128/iai.01348-15
http://refhub.elsevier.com/S0264-410X(24)00264-0/h0120
http://refhub.elsevier.com/S0264-410X(24)00264-0/h0120
http://refhub.elsevier.com/S0264-410X(24)00264-0/h0120
https://doi.org/10.3389/fimmu.2023.1238391
https://doi.org/10.1016/j.vaccine.2004.10.034
https://doi.org/10.1128/cvi.00648-14
https://doi.org/10.4049/jimmunol.2100915
https://doi.org/10.4049/jimmunol.2100915
https://doi.org/10.1016/j.molimm.2012.10.043
https://doi.org/10.1016/j.molimm.2012.10.043
https://doi.org/10.4049/jimmunol.179.1.532
https://doi.org/10.4049/jimmunol.179.1.532
https://doi.org/10.1038/s41541-022-00506-9
https://doi.org/10.3389/fcimb.2018.00099
https://doi.org/10.1196/annals.1409.003
https://doi.org/10.1128/iai.59.9.2922-2928.1991
https://doi.org/10.1016/s0882-4010(03)00046-9
http://refhub.elsevier.com/S0264-410X(24)00264-0/h0185
http://refhub.elsevier.com/S0264-410X(24)00264-0/h0185
http://refhub.elsevier.com/S0264-410X(24)00264-0/h0185
http://refhub.elsevier.com/S0264-410X(24)00264-0/h0185
https://doi.org/10.1016/j.ajpath.2016.09.021


Vaccine 42 (2024) 2171–2180

2179

[39] Snoy PJ. Establishing efficacy of human products using animals. Vet Pathol 2010; 
47:774–8. https://doi.org/10.1177/0300985810372506. 

[40] Forslund A, Kuoppa K, Svensson K, Salomonsson E, Johansson A, Byström M, 
et al. Direct repeat-mediated deletion of a type IV pilin gene results in major 
virulence attenuation of Francisella tularensis. Mol Microbiol 2006;59:1818–30. 
https://doi.org/10.1111/j.1365-2958.2006.05061.x. 

[41] Pasetti MF, Cuberos L, Horn TL, Shearer JD, Matthews SJ, House RV, et al. An 
improved Francisella tularensis live vaccine strain (LVS) is well tolerated and 
highly immunogenic when administered to rabbits in escalating doses using 
various immunization routes. Vaccine 2008;26:1773–85. https://doi.org/ 
10.1016/j.vaccine.2008.01.005. 

[42] Mulligan MJ, Stapleton JT, Keitel WA, Frey SE, Chen WH, Rouphael N, et al. 
Tularemia vaccine: Safety, reactogenicity, “Take” skin reactions, and antibody 
responses following vaccination with a new lot of the Francisella tularensis live 
vaccine strain – A phase 2 randomized clinical Trial. Vaccine 2017;35:4730–7. 
https://doi.org/10.1016/j.vaccine.2017.07.024. 

[43] Maner-Smith KM, Goll JB, Khadka M, Jensen TL, Colucci JK, Gelber CE, et al. 
Alterations in the human plasma lipidome in Response to tularemia vaccination. 
Vaccines 2020;8:414. https://doi.org/10.3390/vaccines8030414. 

[44] Chang Y-H, Duong DM, Goll JB, Wood DC, Jensen TL, Yin L, et al. Proteomic 
analysis of human immune responses to live-attenuated tularemia vaccine. 
Vaccines 2020;8:413. https://doi.org/10.3390/vaccines8030413. 

[45] Goll JB, Li S, Edwards JL, Bosinger SE, Jensen TL, Wang Y, et al. Transcriptomic 
and Metabolic Responses to a Live-Attenuated francisella tularensis vaccine. 
Vaccines 2020;8:412. https://doi.org/10.3390/vaccines8030412. 

[46] Salerno-Gonçalves R, Chen WH, Mulligan MJ, Frey SE, Stapleton JT, Keitel WA, 
et al. Vaccine-related major cutaneous reaction size correlates with cellular- 
mediated immune responses after tularaemia immunisation. Clin Transl Immunol 
2021;10:e1239. 

[47] Barrigan LM, Tuladhar S, Brunton JC, Woolard MD, Chen C, Saini D, et al. 
Infection with Francisella tularensis LVS clpB Leads to an altered yet protective 
immune response. Infect Immun 2013;81:2028–42. https://doi.org/10.1128/ 
iai.00207-13. 

[48] Golovliov I, Twine SM, Shen H, Sjostedt A, Conlan W. A ΔclpB Mutant of 
Francisella tularensis Subspecies holarctica Strain, FSC200, Is a More Effective 
Live Vaccine than F. tularensis LVS in a Mouse Respiratory Challenge Model of 
Tularemia. PLoS ONE 2013;8:e78671. Doi: 10.1371/journal.pone.0078671. 

[49] Cunningham AL, Mann BJ, Qin A, Santiago AE, Grassel C, Lipsky M, et al. 
Characterization of Schu S4 aro mutants as live attenuated tularemia vaccine 
candidates. Virulence 2020;11:283–94. https://doi.org/10.1080/ 
21505594.2020.1746557. 

[50] Shoudy LE, Namjoshi P, Giordano G, Kumar S, Bowling JD, Gelhaus C, et al. The 
O-Ag Antibody response to francisella is distinct in rodents and higher animals 
and can serve as a correlate of protection. Pathogens 2021;10:1646. https://doi. 
org/10.3390/pathogens10121646. 

[51] Navratil AR, Brummett AM, Bryan JD, Woolard MD. Francisella tularensis LVS 
induction of prostaglandin biosynthesis by infected macrophages requires specific 
host phospholipases and lipid phosphatases. Infect Immun 2014;82:3299–311. 
https://doi.org/10.1128/iai.02060-14. 

[52] Meibom KL, Dubail I, Dupuis M, Barel M, Lenco J, Stulik J, et al. The heat-shock 
protein ClpB of Francisella tularensis is involved in stress tolerance and is 
required for multiplication in target organs of infected mice. Mol Microbiol 2008; 
67:1384–401. https://doi.org/10.1111/j.1365-2958.2008.06139.x. 

[53] Woolard MD, Wilson JE, Hensley LL, Jania LA, Kawula TH, Drake JR, et al. 
Francisella tularensis -infected macrophages release prostaglandin E 2 that Blocks 
T Cell proliferation and promotes a Th2-Like response. J Immunol 2007;178: 
2065–74. https://doi.org/10.4049/jimmunol.178.4.2065. 

[54] Marohn ME, Barry EM. Live attenuated tularemia vaccines: Recent developments 
and future goals. Vaccine 2013;31:3485–91. https://doi.org/10.1016/j. 
vaccine.2013.05.096. 

[55] Rockx-Brouwer D, Chong A, Wehrly TD, Child R, Crane DD, Celli J, et al. Low 
Dose Vaccination with attenuated francisella tularensis strain SchuS4 mutants 
protects against tularemia independent of the route of vaccination. PLoS One 
2012;7:e37752. 

[56] Jia Q, Bowen R, Sahakian J, Dillon BJ, Horwitz MA. A Heterologous Prime-Boost 
Vaccination Strategy Comprising the Francisella tularensis Live Vaccine Strain 
capB Mutant and Recombinant Attenuated Listeria monocytogenes Expressing F. 
tularensis IglC Induces Potent Protective Immunity in Mice against Virulent F. 
tularensis Aerosol Challenge. Infect Immun 2013;81:1550–61. Doi: 10.1128/ 
iai.01013-12. 

[57] Mahawar M, Rabadi SM, Banik S, Catlett SV, Metzger DW, Malik M, et al. 
Identification of a live attenuated vaccine candidate for tularemia prophylaxis. 
PLoS One 2013;8:e61539. 

[58] Chu P, Cunningham AL, Yu J-J, Nguyen JQ, Barker JR, Lyons CR, et al. Live 
Attenuated francisella novicida vaccine protects against francisella tularensis 
pulmonary challenge in rats and non-human primates. Plos Pathog 2014;10: 
e1004439. 

[59] Hollis DG, Weaver RE, Steigerwalt AG, Wenger JD, Moss CW, Brenner DJ. 
Francisella philomiragia comb. nov. (formerly Yersinia philomiragia) and 
Francisella tularensis biogroup novicida (formerly Francisella novicida) 
associated with human disease. J Clin Microbiol 1989;27:1601–8. https://doi. 
org/10.1128/jcm.27.7.1601-1608.1989. 

[60] Anthony LSD, Gu M, Cowley SC, Leung WWS, Nano FE. Transformation and 
allelic replacement in Francisella spp. Microbiology+ 1991;137:2697–703. 
https://doi.org/10.1099/00221287-137-12-2697. 

[61] Mdluli KE, Anthony LSD, Baron GS, McDonald MK, Myltseva SV, Nano FE. Serum- 
sensitive mutation of Francisella novicida: association with an ABC transporter 
gene. Microbiology+ 1994;140:3309–18. https://doi.org/10.1099/13500872- 
140-12-3309. 

[62] Schmerk CL, Duplantis BN, Howard PL, Nano FE. A Francisella novicida pdpA 
mutant exhibits limited intracellular replication and remains associated with the 
lysosomal marker LAMP-1. Microbiology+ 2009;155:1498–504. https://doi.org/ 
10.1099/mic.0.025445-0. 

[63] Kingry LC, Petersen JM. Comparative review of francisella tularensis and 
francisella novicida. Front Cell Infect Microbiol 2014;4:35. https://doi.org/ 
10.3389/fcimb.2014.00035. 

[64] Shibata K, Shimizu T, Nakahara M, Ito E, Legoux F, Fujii S, et al. The intracellular 
pathogen francisella tularensis escapes from adaptive immunity by metabolic 
adaptation. Life Sci Alliance 2022;5:e202201441. 

[65] Gesbert G, Ramond E, Tros F, Dairou J, Frapy E, Barel M, et al. Importance of 
branched-chain amino acid utilization in francisella intracellular adaptation. 
Infect Immun 2015;83:173–83. https://doi.org/10.1128/iai.02579-14. 

[66] Foshay L, Hesselbrock WH, Wittenberg HJ, Rodenberg AH. Vaccine prophylaxis 
against tularemia in man. Am J Public Heal Nations Heal 2011;32:1131–45. 
https://doi.org/10.2105/ajph.32.10.1131. 

[67] Coriell LL, King EO, Smith MG. Studies on tularemia. J Immunol 1948;58: 
183–202. https://doi.org/10.4049/jimmunol.58.2.183. 

[68] Baron SD, Singh R, Metzger DW. Inactivated francisella tularensis live vaccine 
strain protects against respiratory tularemia by intranasal vaccination in an 
immunoglobulin A-dependent fashion▿. Infect Immun 2007;75:2152–62. https:// 
doi.org/10.1128/iai.01606-06. 

[69] Lin Y, Ritchea S, Logar A, Slight S, Messmer M, Rangel-Moreno J, et al. 
Interleukin-17 Is Required for T Helper 1 Cell Immunity and host resistance to the 
intracellular pathogen francisella tularensis. Immunity 2009;31:799–810. 
https://doi.org/10.1016/j.immuni.2009.08.025. 

[70] Eyles JE, Hartley MG, Laws TR, Oyston PCF, Griffin KF, Titball RW. Protection 
afforded against aerosol challenge by systemic immunisation with inactivated 
Francisella tularensis live vaccine strain (LVS). Microb Pathogenesis 2008;44: 
164–8. https://doi.org/10.1016/j.micpath.2007.08.009. 

[71] Bitsaktsis C, Rawool DB, Li Y, Kurkure NV, Iglesias B, Gosselin EJ. Differential 
requirements for protection against mucosal challenge with francisella tularensis 
in the presence versus absence of cholera Toxin B and inactivated F. tularensis. 
J Immunol 2009;182:4899–909. https://doi.org/10.4049/jimmunol.0803242. 

[72] Apicella MA, Post DMB, Fowler AC, Jones BD, Rasmussen JA, Hunt JR, et al. 
Identification, characterization and immunogenicity of an O-antigen capsular 
polysaccharide of francisella tularensis. PLoS One 2010;5:e11060. 

[73] Hickey AJ, Hazlett KRO, Kirimanjeswara GS, Metzger DW. Identification of 
Francisella tularensis outer membrane protein A (FopA) as a protective antigen 
for tularemia. Vaccine 2011;29:6941–7. https://doi.org/10.1016/j. 
vaccine.2011.07.075. 
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