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Francisella tularensis is a gram-negative bacterium that
causes the zoonotic disease tularemia. Francisella is highly
infectious via the respiratory route (~10 CFUs) and pulmonary
infections due to type A strains of F. tularensis are highly
lethal in untreated patients (>30%). In addition, no vaccines
are licensed to prevent tularemia in humans. Due to the high
infectivity and mortality of pulmonary tularemia, F. tularensis
has been weaponized, including via the introduction of
antibiotic resistance, by several countries. Because of the
lack of efficacious vaccines, and concerns about F. tularensis
acquiring resistance to antibiotics via natural or illicit means,
augmentation of hostimmunity, and humoral immunotherapy
have been investigated as countermeasures against tularemia.
This manuscript will review advances made and challenges in
the field of immunotherapy against tularemia.

Tularemia

Francisella tularensis is a highly infectious, gram-negative fac-
ultative intracellular bacterium that causes the zoonotic disease
tularemia. In 1911, tularemia was first described as a plague-like
disease of rodents and soon after the potential of tularemia as a
severe and fatal human illness was recognized.! F. tularensis infec-
tions can occur via insect or tick bites, cutaneous contact with
infected animal carcasses, ingestion of contaminated food and
water, or inhalation of viable organisms.? F. fularensis has long
been known as a potential hazard to laboratory workers,> and
has been one of the most commonly reported laboratory-acquired
infections in the United States.! In nature, F. tularensis mainly
exists in regions of the United States, Canada, Mexico, Japan,
Europe, and the former Soviet Union. Several animals, including
rabbits, muskrats, and beavers can serve as reservoirs of infec-
tion. Tularemia is also carried by ticks, deerflies, and mosquitoes.
The type and severity of tularemia depends on the strain, dose,
and route of infection.’ F. tularensis subspecies tularensis (type
A) and holarctica (type B) cause the majority of human cases,
with subspecies tularensis being more virulent.’ Type A F. tula-
rensis is found predominately in North America, while type B
strains are found in Europe and Asia. All forms of tularemia gen-
erally present with sudden onset of fever, headaches, chills, sore
throat, coryza, and generalized body aches 3—5 d after exposure.®
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With appropriate antibiotic therapy, the overall mortality rate of
reported tularemia cases in the United States is less than 2%.7*

Cutaneous or ulceroglandular tularemia is the most common
form of human disease (75-85% of patients), but is rarely fatal.*’
A cutaneous papule appears at the site of infection around the
time of generalized symptoms in ulceroglandular tularemia. The
papule becomes a painful pustule and ulcerates within a few days
of its first appearance. Regional lymph nodes also may become
enlarged and tender within days of papule appearance. Even with
appropriate antibiotic therapy, affected lymph nodes may rupture
and become fluctuant and the ulcer and lymphadenopathy may
persist for months.®’

Pulmonary tularemia is the most severe form of disease and
untreated pulmonary infections with type A F. tularensis have
mortality rates >30%.'° Inhalation of F. tularensis results in respi-
ratory or pneumonic tularemia and is most common in people
in endemic areas who perform tasks that predispose them to
infectious aerosols.’” Pulmonary tularemia can present from a
mild pneumonia to an acute infection with high fever, malaise,
chills, cough, delirium, and pulse-temperature dissociation.>’
Hilar lymphadenopathy, pleural effusions, and bronchopneumo-
nia are common radiographic findings; however, early radiologic
evidence of pneumonia was found in only 25-50% of human
volunteers who had developed systemic symptoms of acute illness

following aerosol exposure to type A F. tularensis>'"1

F. tularensis as a Biological Weapon

The World Health Organization (WHO) estimated in 1970
that an aerosol dispersal of 50 kg of virulent F. tularensis over a
metropolitan area of 5 million residents would result in 250000
incapacitating casualties including 19000 deaths.”® Disease was
expected to persist for several weeks and relapses of illness would
occur during the following weeks and months. In 1997, the
CDC estimated that the total societal base costs of a F. tularensis
aerosol attack would be $5.4 billion for every 100000 exposed
persons.'* While a live vaccine strain (LVS) derived from F. tular-
ensis subspecies holarctica was created over 50 years ago, questions
remain regarding its efficacy and possible reversion to virulence,
and it is not licensed for human use.’> Due to the high infectiv-
ity (~10 microorganisms) and lethality of untreated pulmonary
tularemia and the lack of available vaccines, F. tularensis has long
been studied as a biological weapon by several nations. F. tularen-
sis was tested on human subjects in occupied Manchuria as part of
a Japanese germ warfare program from 1932 to 1945.” Tularemia
outbreaks that affected tens of thousands of German and Soviet
soldiers in Eastern Europe in World War II were also suggested
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Figure 1. The number of articles published per year found in PubMed
using the search phrase “Francisella or tularemia or tularense or tularae-
mia or tularensis”.

to be the result of an intentional Soviet release of F. tularensis;'®
however, this hypothesis has been disputed.”” Following World
War II, the United States military studied the pathophysiology
of tularemia and researched vaccine development and antibiotic
prophylaxis, including work investigating antibiotic therapy in
human subjects exposed to virulent F. tularensis in aerosol cham-
bers."** The United States also developed weapons that would
disseminate F. tularensis aerosols and F. tularensis was one of sev-
eral biological weapons stockpiled by the United States in the
1960s until the inventories were destroyed in the early 1970s.'
Of particular concern would be the release of F. tularensis that
had been weaponized via the introduction of antibiotic resis-
tance. Indeed the United States developed streptomycin-resistant
strains of F. tularensis before shuttering its offensive biological
weapons program,” and the Soviet Union was purported to
develop antibiotic-resistant strains of Francisella perhaps until the
1990s.!° Due to these concerns, F. tularensis has been determined
to be a Category A biological warfare agent by CDC, and the two
major spikes in tularemia research publications have come shortly
after World War II and the 2001 anthrax bioterrorist attacks in
the United States (Fig. 1).

Precautions When Investigating Immunotherapy
of Tularemia

The route of Francisella challenge affects induced immune
responses,”® and rodents are generally much more susceptible to
intraperitoneal (i.p.) or pulmonary challenge then to a subcu-
taneous (s.c.) or intradermal challenge (i.d.).?' The host species
used for tularemia immunity and immunotherapy studies is also
of importance due to varying susceptibilities. While mice are
extremely susceptible to tularemia, rats, rabbits, and non-human
primates are relatively more resistant to infection.”’ Perhaps
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most importantly, emerging evidence indicates that immunity
against virulent strains of F. tularensis that cause disease in
humans differs from protective immune responses elicited by
model strains of Francisella.”** Virulent strains of F. tularensis
also employ mechanisms of immune suppression not found in

26-28 Tn addition, vaccination and immunothera-

model strains.
peutic strategies that confer robust protection against attenu-
ated strains of F. tularensis have been shown to have little to
no efficacy against strains of Francisella that cause disease in
humans.?%" Therefore, the challenge strain of £. tularensis must
be considered when considering the protective efficacy of immu-
notherapeutics. For reference, the relative virulence of common
challenge strains of Francisella used in immunotherapy studies
covered here is shown in Table 1 from information in reviews
by Cowley and Elkins, and Wu and Lyons.?"* In some early
studies reviewed here, the challenge strain was called “virulent”
but no strain designation was given. In these instances we will
refer to these strains as “virulent F. tularensis”. Our review of the
literature on Francisella immunotherapeutics generally follows
a chronologic order under each heading or within a paragraph.
However, Tables 2A, 2B, 3A, and 3B have been subdivided to
clarify which immunotherapeutics are effective against virulent
strains of Francisella such as SchuS4, vs. those that have only
shown efficacy against model strains such as LVS or F. novicida.
Also, immunotherapy strategies that confer survival of treated
animals are listed before immunotherapeutics that extend the
mean time to death or reduce bacterial burdens within the sub-
divisions of the tables. Immunity to Francisella has been recently

3235 therefore in this review we will only dis-

reviewed by others,
cuss immunity in the context of protective immunotherapy. In
addition, we will have a particular emphasis on immune agonists

that induce protection against tularemia.

Effector Mechanisms of Immunotherapeutics
against Francisella

The success of Francisella as a pathogen is correlated with its
ability to replicate in phagocytic cells. Therefore, activation of
phagocytic cells, such as macrophages, has been investigated as
immunotherapy for tularemia. IFN-y and TNF-« can activate
macrophages in vitro to restrict the replication of F. tularensis,
while deficiencies in these cytokines render mice more susceptible
to LVS and/or SchuS4 infection.**¥ TNF-a and IFN-vy induce
nitric oxide production, which in turn can restrict the intramac-
rophagic growth of LVS.? The effect of TNF-a on SchuS4 rep-
lication in macrophages is unknown; however it has been shown
that IFN-vy activation of macrophages for clearance of SchuS4
is independent of reactive oxygen and nitrogen species (ROS/
RNS).* IL-12 and Toll-Like receptor (TLR) signaling are also
involved in IFN-y and TNF-a production and are required for
protection against Francisella in some models which has made
them targets for immunotherapy.®*-4! The role of type I IFNs
in experimental models of Francisella infection is strain-specific.
Endogenous type I IFNs are protective against LVS,? deleterious
against F. novicida," but do not appear to play a role in protective
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Table 1. Virulence in mammals of Francisella challenge strains in this review?

Strain

Challenge strains in this review

Human infection

Mouse infection

Rat infection

Subspecies tularensis

Schu, SchuS4, SchuS5, Vavenby

Highly infectious and can be fatal

LD,, <10, all

immunodeficiencies

IN, IP, or IV

- 2

type A routes tested LDy, =5 10%1T
Subspecies holarctica FSC 171 Induces illness but rarely fatal LD, <10, all Unknown

type B routes tested
Subspedes holarctica s nfecton mduces mid e symptoms, nduces | L0a= 101010 |y

Lvs © siae symproms, IN, < 101P or IV
protective immunity
’ - ; .
F novicida U112 Infections rare, sublethal, and associated with LD,,=10°ID, <10

LD,, =5 x 10°IT

“Table adapted from Cowley and Elkins.??

Table 2A. Immune agonists that confer protection against virulent Francisella infection

Agonist Cellular receptor | Challenge strain, route, animal Protective effect Requ|reme_n ts
for protection
TLR4? Mice infected via aerosol with i.n. pre- or post-treatment increased survival
Acai PS Carbohydrate n-p P IFN-y
SchuS4 rates
Receptors?
CLDC+MPF TLR9+DAI Mice infected i.n. with SchuS4 i.v. pre-treatment increased survival rate RNS/ROS
MPL TLR4 Mice infected i.n. with LVS or i.p. pr?—treatment mcrea;ed syrvwal ra.tes in ND
SchuS4 animals challenged with either strain.
veast Carbohydrate Rats infected i.p. with SchuS4 i.v. pre-treatment increased survival rate ND
glucans receptors?
. Mice infected i.n. with LVS or i.n. pre- or post-treatment extended mean time
Poly I:C TLR3 SchuS4 to death in LVS- and SchuS4-challenged animals ND
L . . i.n. pre-treatment increased survival rates in LVS- )
CLDC TLR9+DAI Mice mfect:éjhll.]r;.“wnh LVS or challenged mice and extended mean time to (LVS[Fcﬁan,eﬁK :ceiur:\ice)
death in SchuS4-challenged mice 9

See text for references. ?, cellular receptor unknown or unclear; ND, not determined; ®strain used for challenge unclear.

Table 2B. Immune agonists that confer protection against model strains of Francisella, but have unknown, or no protective effects against virulent

F. tularensis

Agonist Cellular receptor Challenge strain, route, animal Protective effect Requ|reme.n ts
for protection
Endotoxin TLR4 M.|ce infected |..p, i.p. pre-treatment increased survival rate ND
with F. tularensis®
. . . L i.n. pre- and post-treatment increased survival
AGP TLR4 Mice infected i.n. with F. novicida rate IFN-y
i.p. pre-treatment increased survival rates
LVS LPS , Mice infected i.p. with LVS in LVS challenged animals TLR2, IRAK4, B cells,
) or i.n. with Schus4 No protective effect observed in mice challenged antibody
with SchuS4
i.p. pre-treatment increased survival rate
icei i i in LVS challenged animals
CpG TLR9 Mice infected i.p. with LVS g B cells, IFN-y TLR9
ori.n. with SchuS4 i.n. or i.p. pre-treatment had no protective effect
in mice challenged i.n. with SchuS4
. Mice infected i.p. i.p. pre-treatment extended mean time
Poly I:C TLR3 with F. tularensis? to death ND
Tilorone ? M!ce infected |..p. i.p. pre-treatment extended mean time ND
with F. tularensis® to death
L1S TLR4? Mice infected i.p. with LVS i.p. pretreatment lowered tissue burdens ND

See text for references. ?, cellular receptor unknown or unclear; ND, not determined; ®strain used for challenge unclear.
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Table 3A. Effective serum immunotherapy against virulent F. tularensis infection

Challenge animal,

Requirements for

Immunogen Serum donor . Protective effect .
route, strain protection
Formalin-killed Horse Rats infected s.c. i re-treatment increased survival rate ND
F. tularensis Schu with Schu PP
. . Rats infected s.c. . . .
Live F. tularensis Schu Goat . i.p. pre-treatment increased survival rate ND
with Schu
s . . ) Mixture of serum with inoculum before i.p. challenge
Formalin-killed virulent ) Rats infected i.p. . . . P 9
. Rabbit o . increased survival rate, i.p. post-treatment delayed ND
F. tularensis with virulent F. tularensis.

mean time to death

Recovered or Rats infected i.p.

Mixture of serum with inoculum before i.p. challenge

Live F. tularensis Convalescent . . . B ND
. with virulent F. tularensis increased survival rate
Human Patient
Formalin-killed Rats infected i.p. Mixture of serum with inoculum before i.p. challenge
. Human . R . R R ND
F. tularensis with virulent F. tularensis increased survival rate
Formalin-killed Rats infected i.p. Mixture of serum with inoculum before i.p. challenge
. Goat . . . R ND
F. tularensis with virulent F. tularensis increased survival rate
. . ) Mice infected i.n. ) ) .
Live F. tularensis SchuS4 Mice? : . I : i.p. pre- or post-treatment increased survival rates ND
with SchuS4
. . Rats infected i.t. . . .
Live F. tularensis LVS Rat ) I I i.p. pre-treatment increased survival rate 1gG, CD8* T cells
with SchuS4
E tularensis LVS MPF Mice Mice. infected i.n. i:p. pc.)st—tre.atme.nt inc.reased suryival rate Wh.er.1 ND
with SchuS4 given in conjunction with suboptimal gentamicin
Mice infected i.p. Mixture of hyperimmun‘e serum with inoculum or i.p.
? Horse T . treatment with serum immediately after challenge ND
with virulent F. tularensis .
extended mean time to death
Live virulent Mice infected i.p. Mixture of serum with inoculum before i.p. challenge
R Sheep . . . ND
F. tularensis with virulent F. tularensis extended mean time to death
Mixture of serum with inoculum before i.p. challenge
Formalin-killed virulent Rabbit Mice infected i.p. or s.c. extended mean time to death ND
F. tularensis with virulent F. tularensis i.p. pre-treatment before s.c. challenge extended
mean time to death
Guinea pigs infected s.c. | Intracardial pre-treatment with hyperimmune horse
? Horse . . ND
with Vavenby serum extended mean time to death
Acetone-killed ) Mice infected i.p. or s.c. . .
E tularensis SchuSs Mice with SchuSs i.p. pre-treatment extended mean time to death ND
Mice, guinea pi Mice infected i.p. i re- and post-treatment extended mean time
? '9 aP9 | \yith virulent F. tularensis PP P ND
or rabbit to death
9K 161t
. . ) Mice infected i.d. i.p. pre-treatment reduced bacterial burdens and
Live F. tul LV M . . ND
ive F. tularensis LVS ¢ with FSC 71 morbidity
i.p. pre- or post-treatment with mAb reactive
) . o ) with LPS increased survival rate
Live and sor.ncated Mice Mlce infected i.d. of LVS-challenged animals ND
F. tularensis LVS with LVS or SchuS4

i.p. pre-treatment extended time to death
of SchuS4-challenged animals

See text for references. 2, immunogen not stated in manuscript; ND, not determined; ?mice were treated with levofloxacin to survive infection; broute

of antibody transfer not stated.

immunity against SchuS4.** Addition of rIFN-B to human den-
dritic cells does not restrict intracellular replication of SchuS4;
however addition of rIFN-f3 to murine macrophages or human
dendritic cells infected with LVS is protective.””** While the role
of type I IFNs in Francisella varies depending on the model, type

I TFNs and agonists that induce them have shown efficacy against
experimental tularemia.

The protective mechanisms of serum against Francisella have
not been completely characterized;** however antibody treatment
of experimental tularemia has been shown to have efficacy. While
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Table 3B. Effective serum immunotherapy strategies against model strains of Francisella that have unknown, or no protective effects against virulent

F. tularensis

Chall imal, . Requi ts f
Immunogen Serum donor aflenge an!ma Protective effect equlremep s for
route, strain protection
Live F. tularensis LVS Human Mice |r1fected LP- i.p. pre-treatment increased survival rate ND
with LVS
Mice inf i.p. . . .
Live F. tularensis LVS Mice Icev\ll?t:i:/esd P i.p. pre-treatment increased survival rate I9G, T cells, IFN-y
Wild-type or B cell- i.p. pre-treatment increased survival rates in B cell-
Live F. tularensis LVS Mice deficient mice infected deficient mice, and decreased bacterial burdens in ND
i.d. with LVS both B cell-deficient and wild-type mice
LPS from F. tularensis . Mice infected i.p. . . .
LVS Mice with LVS i.p. pre-treatment increased survival rate ND
B cell-deficient mice
Live F. novicida AiglC Mice infected i.n. i.p. pre-treatment increased survival rate ND
with F. novicida
L . F YR, IFN-v,
. . . M f .n. ) . . ¢ .
Live F. tularensis LVS Mice |cev\|l?t:i:/esd LN i.p. pre- or post-treatment increased survival rates neutrophils,
macrophages
. . . Mice infected i.n. i.p. or i.n. post-treatment with a mAb reactive with
Live F. tularensis LVS Mice with LVS LVS LPS increased survival rates ND
Heat-killed F. tularensis . Mice infected i.p. . . .
VS Mice with LVS i.p. pre-treatment increased survival rate ND
Live and sonicated F. ) Mice infected i.d. . Pre- or post-t.reatment_wnh FopA -reactive mAb
. Mice . increased survival rates in LVS-challenged animals, ND
tularensis LVS with LVS or SchuS4 . ) b
no effect in SchuS4-challenged animals
Live and sonicated F. Mice Mice infected i.d. Post-treatment with LpnA-reactive mAb increased ND
tularensis LVS with LVS survival rate®
F. tularensis FopA Mice Mice |nfecL:/eSd d. with Pre- and post-treatment increased survival rate® ND
Live or heat-killed F. Mice Irradiated mice infected i re-treatment increased survival rate ND
tularensis LVS i.d. with LVS PP

See text for references. 7, immunogen not stated in manuscript; ND, not determined; °mice were treated with levofloxacin to survive infection; broute

of antibody transfer not stated.

Francisella is generally thought of as an intracellular pathogen,
recent studies have shown that Francisella has a significant extra-
cellular phase where it would likely be recognized by antibodies.*
Several actions of immune serum may contribute to its protec-
tive capability against tularemia. Serum from LVS-vaccinees
enhances phagocytosis and killing of LVS by human neutro-
phils and facilitates the development of a respiratory burst.**
Stenmark et al. showed that transfer of specific antibodies
increased the expression of the cytokines TNF-a and IL-12, to
the site of a cutaneous F. tularensis LVS infection.*® Neutrophil
recruitment was also enhanced; however while neutrophils play a
protective role when animals are challenged i.p with LVS,” they
appear to play a negligible role in immunity to pulmonary infec-
tion with LVS or type A F. tularensis>* Control of LVS infec-
tions in IFN-y treated alveolar macrophages was enhanced when
LVS was opsonized with antibody prior to uptake, and the F y
receptor was required for protection, indicating a role for opso-
nophagocytosis.’* Opsonization of virulent type A F. tularensis
SchuS4 with antibody also increases pro-inflammatory cytokine
production by macrophages. Interestingly, SchuS4, but not LVS

www.landesbioscience.com

binds plasmin, a host serine protease that degrades opsonizing
antibodies, and may explain why LVS infections are more condu-
cive to antibody immunotherapy than SchuS4 infections.?®

Generation of Protective Immunity
against Model Strains of Francisella
by Heterologous Infection or Cytokine Therapy

Some of the earliest studies of active immunotherapy against
tularemia investigated the protective effects of heterologous
infection. Mice that were previously infected i.p. with Rickettsia
typhi were shown to be protected against i.p. challenge with
attenuated strains of F. tularensis; however no effect was obtained
when the virulent Schu strain was employed.” Infection with
the Mycobacterium bovis BCG vaccine conferred potent protec-
tion against F. novicida when mice were challenged i.d. Three
weeks after intravenous (i.v.) BCG infection, however, no effect
was achieved against SchuS4.>* Later studies showed that i.p. pre-
infection with BCG could confer 100% survival against a lethal
i.p. LVS challenge in mice.”> Macrophages from BCG-infected

Virulence 863



animals were shown to have enhanced clearance of LVS in vitro,
and BCG-mediated protection against LVS both in vitro and in
vivo was dependent on IFN-y, TNF-q, and reactive nitrogen
oxides. Macrophage activation by nitric oxide was also presumed
to be the mechanism by which co-infection with F. novicida
reduced the organ burdens of LVS in rats challenged i.p. with
both LVS and F. novicida>®

Cytokine administration has also shown efficacy against
Francisella challenge in animal models. While the challenge
strain was unclear (presumably LVS based on other studies by
the authors), murine L-cell interferon (IFN-B) extended the time
to death of mice infected i.p with Francisella when administered
i.p. prior to challenge.” Intranasal (i.n.) rIL-12 reduced tissue
burdens and extended the time to death of mice infected i.n. with
F. novicida when given 24 and 4 h prior to the time of challenge.
rIL-12 conferred up to 100% survival when given i.n. in conjunc-
tion with gentamicin 8 and 24 h after F. novicida U112 challenge;
however, this effect waned when treatment was delayed. rIFN-y
also enhanced the survival rates of Ul12-challenged mice treated
with gentamicin when given 8 and 24 h post-challenge.”® Duckett
et al.”” obtained similar results when testing rIL-12 as immuno-
therapy against F. tularensis LVS. Intranasal rIL-12 given 24 h
before i.n. LVS infection reduced bacterial loads in the tissues
and enhanced survival rates. This effect was dependent on IFN-y
and CD8* T cells, but was not affected by the beige mutation in
NK cells. Collectively, generation of protective immunity against
Francisella by heterologous infection or cytokine administration
may have potential, but efficacy against virulent challenge strains
has yet to be demonstrated.

Induction of Rapid Protective Immunity
against LVS with Francisella-Derived LPS

In contrast to traditional lipopolysaccharide (LPS) from bac-
teria such as Salmonella or E. coli, Francisella LPS is not known to
induce potent immune responses via TLR signaling.®® However,
several groups have shown that Francisella LPS can generate rapid
protective immunity against challenge with LVS. When given
i.p., LVS LPS was shown to confer 100% protection against a
lethal i.p. LVS challenge 2-3 d later while LPS from E. coli or
Salmonella had no effect. While LPS was protective, it did not
enhance proliferation or immunoglobulin secretion by murine
B cells nor enhance the production of IL-4, IL-6, or IL-12 by
murine splenocytes. Protection was shown to require B cells and
IFN-v, but not TLR4.?! Subsequent studies showed that i.p. LVS
LPS or U112 LPS both could confer protection against i.p. LVS
challenge, but no protection was generated against a F. novi-
cida U112 challenge.®® Further mechanistic studies on LVS LPS
showed that i.p. LVS LPS treatment given 2 or 7 d before i.p.
LVS challenge could reduce tissue burdens and inflammatory
gene expression in the liver despite the absence of detectable
antibody against F. tularensis.®> However, later studies showed
that LVS LPS-mediated protection against LVS required B cells
and antibody produced by antigen-specific B-1a cells, but was
independent of TLR4. It was also demonstrated that LVS LPS,
but not LVS lipid A, was protective indicating a critical role for
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LPS carbohydrate in the induction of protection.®® TLR2 was
required for LVS LPS-mediated protection against LVS chal-
lenge, although protection could be rescued in TLR2”~ mice
when a TLR agonist such as synthetic E. co/i MPL (TLR4) or
flagellin (TLR5) was co-administered with LVS LPS.*! However,
while LVS LPS is quite potent at protecting against LVS, no pro-
tective efficacy was obtained against an i.n. SchuS4 challenge.®!

Targeting Cellular Receptors to Induce Immunity
against Francisella

Perhaps the largest focus of active immunotherapy stud-
ies against Francisella is the targeting of cellular receptors such
as TLRs to induce protective innate immune responses. Giron
et al” investigated the effect of several inducers of innate
immunity against Francisella. The strain used for challenge is
unclear (presumably i.p. LVS); however, endotoxin pre-treat-
ment (TLR4) decreased the mortality rate of tularemia while
pre-treatment with Poly (I:C) (TLR3) or Tilorone (an activator
of NK cells)® extended the mean time to death of mice. Poly
I:C was further investigated as immunotherapy by Pyles et al.*
Poly (I:C) enhanced early pulmonary cytokine expression and
neutrophil recruitment while decreasing bacterial loads in the
lung when administered i.n. 1 h prior to or after i.n. LVS chal-
lenge. LVS-challenged mice also displayed increased survival
time when treated i.n. with Poly (I:C) 1 h prior to infection. In
addition, Poly (I:C) conferred partial protection against SchuS4.
Intranasal Poly (I:C) administered 1 h before or simultaneously
with i.n. SchuS4 challenge extended the mean time to death by
2 and 15 d respectively. Treating mice i.n. with Poly (I:C) 1 h
after SchuS4 challenge also extended the treatment window for
animals to be rescued by antibiotic therapy with levofloxacin.

Bacterial DNA containing CpG motifs that signal through
TLRY were shown to be effective at inducing protective innate
immunity against F. tularensis LVS when given i.p. 1-14 d before
infection by Elkins et al.”” CpG-treated mice displayed lower
bacterial loads and protection was dependent on B cells and
IFN-v. Subsequent studies showed that lymphocytes from the
spleens of mice treated with CpG could control the intramac-
rophagic growth of LVS in bone marrow-derived macrophages,
an effect dependent on IFN-y TNF-«, and IL-12, but not IL-4
or perforin.®® In the same study, it was also shown that TLR9
was required for CpG-mediated protection in vivo. Klinman
et al.%® showed that repeated CpG administration could pro-
long this enhanced immunity to F. tularensis LVS. However,
later studies showed that CpG was not protective against aero-
sol infection with SchuS4.%° Cationic liposome-DNA complexes
(CLDC) which signal through TLR9® and other receptors such
as cytosolic DAI (DNA-dependent activator of IRFs)” also pro-
vide protection against tularemia. CLDC reduced organ burdens
and conferred 100% survival when administered i.n. 1 d prior
to i.n. LVS challenge. Protection against LVS required NK cells
and IFN-y, but not type I IFNs. Intranasal administration of
CLDC at times prior to, or after 24 h pre-infection, or adminis-
tration of CLDC via s.c., iv., or i.p. routes diminished efficacy.
However, while CLDC conferred 100% survival against LVS,
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only a moderate increase in time to death was obtained when
testing CLDC immunotherapy against a pulmonary SchuS4
challenge.” Ireland et al. improved upon the efficacy of CLDC
by combining it with a crude F. tularensis membrane protein
fraction (MPF).”! When given iv. 3 d prior to an i.n. infection
with SchuS4, 60% of the animals that received CLDC + MPF
survived a lethal challenge. CLDC + MPF was found to induce
reactive nitrogen (RNS) and oxygen (ROS) species genes in vitro,
and in vivo protection was shown to be dependent on RNS/
ROS as nos2/gp91~~ mice were not protected against SchuS4 by
CLDC + MPF.

Lembo et al.”? showed that i.n. administration of the synthetic
TLR4 agonist AGP 48 h prior to and 24 h after aerosol F. novi-
cida infection augmented cytokine production in the lung and
reduced bacterial burdens in the tissues. This treatment regimen
also enhanced the survival rate of mice by up to 50%, an effect
dependent on IFN-vy; however, treatment with AGP post-infec-
tion did not affect survival. Another synthetic TLR4 agonist,
MPL, conferred 43% and 20% survival when given i.p. 2 d before,
or at the time of i.n. SchuS4 challenge respectively.®® However
co-administration of LVS LPS, which confers potent protection
against LVS infection, did not augment MPL-mediated protec-
tion against SchuS4. The L1S fragment of p60, a secreted protein
from Listeria monocytogenes that also may signal through TLR4,
also displayed efficacy against LVS.”> L1S enhanced activation
of naive murine NK cells in vivo and decreased tissue burdens
while increasing IFN-y levels in LVS-infected mice when L1S
was administered i.p. 24 h prior to i.p. challenge.

Innate immune agonists that signal through receptors other
than TLRs have also shown protection against virulent F. rular-
ensis infection. Yeast glucans, which can induce innate immunity
through various carbohydrate receptors,” were shown to be effi-
cacious against tularemia in rats by Reynolds et al.”” Intravenous
pre-treatment of glucans for several days prior to i.p. infection
with SchuS4 increased the survival rate of rats by 68%. Glucans
also enhanced the survival of rats when given iv. before aero-
sol challenge. In our own recent work, we have investigated the
immunodulatory activity of polysaccharides derived from the
pulp of the Acai berry (“Acai PS”).”* When given i.n. 1 d prior to
aerosol infection with SchuS4, Acai PS conferred 80% survival
against an otherwise lethal challenge.”” Acai PS was also effective
when given after acrosol SchuS4 infection. Intranasal treatment
of mice with Acai PS immediately after, 24 h after, or 48 h after
aerosol challenge with SchuS4 resulted in respective survival
rates of 73%, 60%), and 33%), making Acai PS the most potent
active immunotherapeutic in the literature to treat pulmonary
type A F. tularensis infection. We found that Acai PS enhanced
IFN-y expression by human NK cells in vitro, and murine NK
cells in vivo, during F. tularensis infection, while neutralization of
IFN-vy abrogated the protective effect of Acai PS. Further inves-
tigation of the immune responses induced by, and the cellular
receptors that recognize Acai PS is ongoing, but Acai PS appears
to require both TLR4/TRIF along with carbohydrate receptors
(Holderness et al., manuscript in preparation) to mediate its
effects. As both TLR4 and carbohydrate receptor agonists have
shown efficacy against tularemia,®” it is possible that activation
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of both of these immune receptor types by Acai PS may lead to
synergetic potentiation of protective immunity. Therefore, future
studies of the receptors required for Acai PS-mediated signaling
and immune responses induced by Acai PS could reveal receptors
and pathways of immunity to be targeted for immunotherapy
against F. tularensis.

Early Studies of Inmune Sera as Therapy
for Tularemia

Interestinantibody therapy for tularemiawas piqued by human
trials in the 1940s in which Foshay purported that human tula-
remia patients treated with immune serum from goats or horses
immunized with formaldehyde-killed Francisella before the end
of the second week of disease resulted in significant reductions
in mortality and all aspects of morbidity.”®”> However, studies in
the 1940s also showed the difficulty of demonstrating protective
efficacy against lethality induced by virulent F. tularensis chal-
lenge by serum therapy in rodent models. Francis and Felton®
found that treatment of mice with hyper-immune serum from
sheep (infected s.c. with virulent F. rularensis), horses (immuno-
gen unclear), or rabbits (injected i.v. with formalin-killed virulent
F. tularensis) extended the mean time to death, but did not con-
fer survival when serum was mixed with inoculum prior to i.p.
challenge of mice with virulent £ tularensis. Similar results were
found in guinea pigs by Bell and Kahn®' who showed that hyper-
immune horse serum extended the mean time to death of guinea
pigs when given intracardially prior to s.c. challenge with the vir-
ulent Vavenby strain of F. tularensis. Studies using immune sera
raised in mice against acetone-killed F. tularensis SchuS5 (a strep-
tomycin resistant virulent type A strain) only slightly increased
the mean time to death when transferred to mice 3 d prior to i.p.
or s.c. SchuS5 challenge.®> Comparable findings were obtained
by Thorpe and Marcus® who showed that sera from immunized
mice, guinea pigs, or rabbits (immunogen unclear) could slightly
extend the mean survival time of mice when transferred concom-
itantly and 24 h after i.p. challenge with the virulent F. tularensis
strain, 9K 161¢.

As early studies showed that transfer of immune sera into mice
or guinea pigs was not able to confer survival against virulent
F. tularensis challenge, Foshay et al. used the more resistant rat as
the recipient of immune sera. Intraperitoneal transfer of hyper-
immune serum from goats (immunized with F. tularensis Schu)
or horses (immunized with formalin-killed F. fularensis Schu) at
the time of s.c. challenge with the Schu strain of F. tularensis
could confer survival rates as high as 87.5% as compared with
3.3—6.6% survival of rats treated with normal serum.®* Larson
also showed that transfer of immune sera into rats could confer
survival against virulent . tularensis infection.® Immune serum
from goats or rabbits immunized with formalin-killed virulent
Francisella conferred up to 70% survival when mixed with inocu-
lum prior to i.p. challenge of rats with virulent F. tularensis; how-
ever, studies with rabbit serum showed that the protective effect
waned when serum therapy was delayed until 24 h after chal-
lenge. Perhaps most importantly, the protective efficacy of human
immune serum was also demonstrated in this study. When serum
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from human patients that had recovered from tularemia was
mixed with virulent F. tularensis prior to i.p. infection of rats,
up to 100% of rats survived an otherwise completely lethal chal-
lenge. Serum from a convalescent human tularemia patient or a
human that had been immunized with formalin-killed F. tula-
rensis also slightly increased the survival rate (up to 30%) and
extended the mean time to death of rats infected i.p. with viru-
lent F. tularensis. Convalescent and vaccine-induced serum had a
significantly lower agglutination titer than serum from patients
that had recovered from disease, which may explain the reduced
protective efficacy of convalescent and vaccine-induced serum.

Immunotherapy Using Serum from Animals
Infected with Live Francisella

After a lull in research on antibody-mediated protection
against Francisella, studies in the 1990s again began to inves-
tigate humoral immunotherapy of tularemia by transferring
serum from animals previously infected with Francisella. Drabick
et al.® demonstrated the protective efficacy of sera from human
recipients of LVS vaccination. The authors found that i.p. trans-
fer of pooled immune sera 2 h before i.p. infection with LVS fully
protected mice againsta 10000 LD, challenge. The human sera
were found to react mostly with LVS lipopolysaccharide. This sera
was also found to be cross-reactive with the polysaccharide from
the virulent SchuS4 strain of F. tularensis; however the efficacy
of challenge against virulent F. tularensis was not investigated.

Using mice as donors of serum, i.d. vaccination with LVS
was shown to produce protective antibodies by several groups.
Rhinehart-Jones et al.” showed that transfer of immune serum
from mice vaccinated i.d. with LVS at the time of i.p. LVS
challenge could confer 100% survival against infection. This
effect was found to be predominately dependent on IgG, and
not IgM. Immune serum reduced colonization of the spleen by
LVS; however serum transfer did not confer protection against
LVS infection in nude mice or mice lacking IFN-vy. Immune
serum generated by a sublethal i.d. LVS infection could also
confer 100% survival and reduced bacterial loads in tissue when
administered i.p. 1 d prior to a lethal i.d. LVS infection in B cell-
deficient mice.® Importantly, transfer of this immune serum
also dramartically reduced bacterial burdens and morbidity in
wild-type mice challenged i.d. with a virulent type B strain of
F. tularensis, FSC 171. Passive transfer of antibody from animals
vaccinated i.d. with LVS could also confer protection in immu-
nodeficient irradiated mice. Kubelkova et al.*” showed that serum
from mice given a sublethal i.d. LVS infection (or from mice that
received heackilled LVS i.d.) could provide 100% protection
against a lethal i.d. LVS challenge in irradiated mice when given
2 h prior to LVS infection.

Serum immunotherapy has also proved protective in animal
models of pulmonary tularemia. Antibodies obtained from mice
infected i.n. with Aig/C F. novicida conferred 80% survival when
transferred i.p. into B cell-deficient mice 8 h before i.n. challenge
with wild-type F. novicida’® The first demonstration of thera-
peutic protection by antibodies against pulmonary tularemia was
performed by Kirimanjeswara et al.’* Serum obtained from mice
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intranasally (i.n.) infected with a sub-lethal dose of LVS provided
100% protection and reduced tissue burdens and organ dam-
age following a lethal i.n. LVS challenge when serum was trans-
ferred i.p. 1 day prior to infection. F_yR, IFN-y, neutrophils,
and macrophages, but not complement, were required for protec-
tion. Transfer of serum could also confer survival against lethal
i.n. LVS infection when administered i.p. as late as 48 h post-
infection. The most potent serum to treat virulent F. tularensis
infection in mice was obtained from mice that were i.n. infected
with F. tularensis SchuS4 and then treated with the antibiotic
levofloxacin daily for 13 d beginning on day 3 post-infection.”!
Serum from these antibiotic-treated mice was able to confer up
to 100% survival when transferred i.p. 4 h before or 24 h after
i.n. infection with SchuS4. Transfer of immune serum can also
be effective against pulmonary tularemia due to virulent F. ula-
rensis infection in rats. Antibodies from rats vaccinated s.c. with
LVS provided protection against morbidity and provided 100%
survival against intratracheal (i.t.) challenge with SchuS4 when
transferred i.p. to rats 1 d before challenge. This effect was shown
to be dependent on IgG, and CD8* T cells but not by IgM.
Transfer of immune serum also reduced bacterial organ burdens
and inflammation.”

Immunotherapy Using Serum
from Animals Immunized with Inactivated
Francisella or Francisella Antigens

While the majority of humoral immunotherapy studies for
tularemia have utilized serum from animals infected with live
Francisella, serum from animals immunized with inactivated
Francisella or Francisella antigens has also proven protective.
Studies by Fulop et al. showed that i.p. transfer of sera from mice
immunized with LVS LPS 2 h prior to i.p. LVS challenge con-
ferred 100% survival in mice, an effect that was independent
of CD4* or CD8* T cells. Anti-LPS antibodies did not confer
survival against i.p. challenge with virulent SchuS4, although a
slight increase in time to death was observed.”® Lavine et al.”
demonstrated that serum from mice immunized with heat-killed
LVS could confer 100% survival when given i.p. 8 h before a
lethal i.p. LVS infection. Antibodies against LVS LPS were not
required for this protection. F. tularensis outer membrane protein
A (FopA) was proven to be a target of protective antibodies by
Hickey et al.” Serum from mice immunized with FopA could
confer 100% protection against a lethal i.d. LVS infection when
given i.p. before and after challenge. As mentioned eatlier, serum
therapy of F. tularensis has shown limited efficacy against viru-
lent type A F. tularensis challenge in mice. Therefore, Sutherland
et al.” developed a model in which mice were treated i.p. with a
suboptimal dose of gentamicin beginning 1 d after i.n. infection
with virulent F. tularensis SchuS4 in order to extend the time to
death from ~4 to -7 d postinfection. They found that i.p. transfer
of murine antibodies elicited against a Francisella membrane pro-
tein fraction (MPF) 1 d after i.n. SchuS4 challenge could reduce
organ burdens and provide 100% survival when used in conjunc-
tion with suboptimal gentamicin in this model. Treatment of
mice i.p. with MPF 1 d after SchuS4 challenge also conferred
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100% protection when used in combination with suboptimal
gentamicin.

Monoclonal Antibody Immunotherapy
for Tularemia

The investigation of immunotherapy using monoclonal anti-
bodies (MAbs) for the treatment of experimental tularemia has
been limited; however, protective efficacy has been demon-
strated. Using a proteome microarray Lu et al.’” identified sev-
eral monoclonal antibodies (MAbs) from LVS-infected mice.
The authors found that an IgG2a mAb reactive with LVS LPS
conferred 100% survival when given i.p. or i.n. within an hour
after a lethal LVS i.n. challenge. The relative protective efficacy
of anti-LPS IgG antibodies in this study was determined to be
IgG2a > IgGl > IgG3. mAD studies performed by Savitt et al.?®
showed that MAbs against LVS components could confer 100%
survival and reduce organ burdens when given prior to, and after
lethal i.d. challenge with LVS. When given before and after a
lethal i.d. LVS challenge, anti-LVS FopA MAbs conferred par-
tial survival from infection. Therapeutic treatment of mice with
MADbs against LVS LPS, FopA and LpnA 1, 3, and 5 d after a
lethal i.d. LVS infection also provided partial protection against
mortality. The efficacy of mAb therapy was greatly diminished
when a virulent challenge strain was used in this study; however,
anti-LPS MAbs given before and after infection did modestly
extend the time to death of mice challenged i.d. with type A F.
tularensis SchuS4.

Perspectives and Challenges for the Study
of Tularemia Immunotherapy

Immunotherapy of tularemia has received increased attention
in recent years, and numerous immunotherapeutics have dem-
onstrated protection in animal models of tularemia. However,
many, if not most of these studies have utilized challenge strains
that do not cause disease in humans. Virulent strains of F. tula-
rensis possess mechanisms of immune suppression not found
in attenuated strains that may interfere with immunotherapy.
Also, many immunotherapy strategies reviewed here have shown
impressive protective effects against F. novicida or LVS infections,
but these same approaches have generally failed to provide mean-
ingful protection against virulent strains of Francisella. These
findings question the utility of F. novicida and LVS infections as
models to develop immunotherapeutics against virulent F. fula-
rensis infections. Therefore, care must be taken when translat-
ing the potential of immunotherapeutics that confer protection
against attenuated strains of Francisella in animal models to their
potential efficacy against Francisella strains that are pathogenic
for humans. Also, it has been proposed that systemic, rather than
pulmonary infection is the likely cause of death in mice follow-
ing challenge with virulent F. tularensis, regardless of the route of

99100 Tn addition, human tularemia due to inhalation of

infection.
virulent Francisella often presents with systemic symptoms of ill-

ness without prominent pulmonary signs of disease.” Therefore,
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while immunotherapies that target the lung have proven effec-
tive against experimental pulmonary tularemia, it is likely that
immunotherapeutics will also need to reduce or block systemic
colonization by Francisella in order to provide meaningful pro-
tection against tularemia.

The focus of antibody-mediated immunity against Francisella
has been primarily related to the generation of prophylactic vac-
cines. However, the transfer of immune serum to human tula-
remia patients was purported to be protective in the 1940s,
indicating a potential for humoral immunotherapy of tularemia.
In animal models, numerous studies have shown that the trans-
fer of immune serum prior to or shortly after infection could
increase resistance to challenge. To enhance the potential clini-
cal relevance of post-exposure treatment, future studies will need
to investigate humoral immunotherapy at later timepoints post-
infection. Also, due to the (as yet) limited ability of transferred
immune serum to protect against mortality induced by virulent
strains of F. tularensis in mice, it might be beneficial to perform
these studies in conjunction with antibiotic therapy or in a more
resistant host such as the rat.

The induction of protection against tularemia with innate
immune agonists is exciting, particularly as several of these ago-
nists, including Acai PS, CLDC, CLDC + MPF, CPG, MPL,
Poly I:C, and yeast glucans have shown protection in ani-
mal models against bacterial and viral pathogens other than
Francisella.>7"771°1%2 Stimulation of innate immunity with these
agonists may be particularly useful in an event where the eti-
ologic agent of disease is unknown, such as a bioterror attack,
as the immune responses induced by these agonists have the
capability to protect against multiple pathogens. However, sev-
eral mitigating factors must be considered when examining the
potential of innate immune agonists. While treatment of mice
with several TLR agonists prior to or at the time of infection has
proven protective against tularemia in animal models, infection
of mice with F. tularensis SchuS4 has been shown to suppress
subsequent TLR-induced immune responses.'®'%* Therefore, the
targeting of TLRs for immunotherapy may have a limited win-
dow of efficacy against tularemia. Another factor that may limit
the efficacy window for innate immune agonists is the hypoth-
esis that a late upregulation of proinflammatory cytokines during
pulmonary tularemia may be too late to decrease bacterial colo-
nization, and may actually be harmful to the host.'> Therefore,
enhancement of immunity may actually be detrimental to the
host when agonists are given at later points after infection. To
address this concern, immune agonists should be tested at later
times post-infection and in conjunction with antibiotic therapy
to determine their protective window of efficacy, and also to
ensure that they do not exacerbate disease when endogenous host
responses are also activated.

In conclusion, immunotherapy for tularemia has shown strong
promise in animal models and will presumably continue to be a
focus for future studies, particularly due to the potential threat
of weaponized antibiotic-resistant Francisella. The elucidation of
protective mechanisms of immunity elicited by tularemia immu-
notherapeutics may also reveal novel correlates of protection that
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will increase our understanding of immunity to Francisella and

intracellular pathogens as a whole.
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