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Abstract Many of the live human and animal vaccines

that are currently in use are attenuated by virtue of their

temperature-sensitive (TS) replication. These vaccines are

able to function because they can take advantage of sites in

mammalian bodies that are cooler than the core tempera-

ture, where TS vaccines fail to replicate. In this article, we

discuss the distribution of temperature in the human body,

and relate how the temperature differential can be exploited

for designing and using TS vaccines. We also examine how

one of the coolest organs of the body, the skin, contains

antigen-processing cells that can be targeted to provoke the

desired immune response from a TS vaccine. We describe

traditional approaches to making TS vaccines, and high-

light new information and technologies that are being used

to create a new generation of engineered TS vaccines. We

pay particular attention to the recently described technol-

ogy of substituting essential genes from Arctic bacteria for

their homologues in mammalian pathogens as a way of

creating TS vaccines.
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Introduction

Despite years of advances in the field of vaccines, the fact

remains that most vaccines cannot offer the immunity

gained from a real infection, which, provided the patient

survives, often gives life-long immunity to that disease.

This observation, paired with the idea that immunity to

some diseases can be induced by a live vaccine but not by a

killed or component vaccine, has long suggested that

optimal protection requires vaccination with live, repli-

cating organisms or viruses. Killed or subunit vaccines are

especially poor in preventing disease caused by pathogens

that require a Type 1 helper T cell response (Th1 response)

to activate cytotoxic T cells. For this class of pathogens, a

common approach is to engineer attenuated forms of the

organism by inactivating virulence factors. Prominent

examples of attenuated live vaccines include the Bacillus

Calmette-Guérin (BCG) [1] vaccine for tuberculosis and

the Ty21a vaccine for typhoid fever [2].

Another common approach to contain a live vaccine is

to engineer strains that are sensitive to small increases in

temperature, and these types of vaccines are referred to as

cold-adapted or temperature-sensitive (TS) vaccines. Typ-

ically, a TS vaccine is introduced at a relatively cool site in

the body, either subcutaneously or intramuscularly at a

peripheral site, or via droplets into the nose. Such sites

provide an opportunity for the TS agent to multiply before

encountering the warmer temperatures of the body core and

dying.

All current human TS vaccines are for viral diseases

and include the recently released FluMist influenza
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vaccine. Recent advances in genetics and synthetic biol-

ogy are opening up new approaches to TS vaccines that

make a TS vaccine strategy broadly applicable to bacte-

rial diseases. These new approaches also offer more

control over safety, such as an ability to engineer the

exact range of temperature in which the pathogen will

live or die, and an ability to provide a greater genetic

stability of the TS phenotype. Regardless of the approach,

all TS vaccines rely on understanding the temperature

distribution in mammals and understanding how to pro-

duce a strong immune response at the site of vaccination.

Thus, this work will cover the biology of mammalian

body temperature control and distribution, followed by an

overview of antigen processing by immune cells in the

skin. We finish by describing examples of existing tem-

perature-sensitive vaccines, and methodologies for

creating new TS vaccines using genes from psychrophilic

(cold-loving) bacteria.

Distribution and regulation of body temperatures

in humans

To understand the potential use of temperature-sensitive

vaccines, one must appreciate the mechanisms of mam-

malian temperature regulation and the distribution of body

temperatures. Human body temperatures vary noticeably

from the deep visceral tissues and the central nervous sys-

tem to the body surface (Fig. 1). Even within the cranium

from the third and fourth ventricles to the meninges there

are centrifugal temperature gradients of up to 1�C [3, 4]. In

addition, within the airways there are pronounced variations

of temperatures from the nares to the lower respiratory tract

[5]. Irrespective of these regional variations, the core tem-

perature (TC) is regulated at approximately 37�C [6–9] and

autonomic thermoregulatory responses are induced by a

control system to maintain TC through increases in heat loss

or heat gain.

The distinction between the terms regulation and con-

trol are important in the study of autonomic as well as

behavioral temperature regulation [10]. The sources of

these two terms in the biology and physiology literature

come from cybernetics—the study of automatic control

systems. With respect to human and mammalian physio-

logical systems, control refers to the action of a

physiological system’s set of responses that act to regulate

a given variable. For example, the human thermoregulatory

system acts by inducing shivering or sweating responses to

facilitate heat gain or heat loss. For the thermoregulatory

control system, the regulated variable is TC whereas sur-

face skin temperatures follow TC in an open loop. The

negative feedback control employed to regulate TC [7]

includes three main components: temperature-sensitive

neurons in the skin and at all spinal levels of the CNS, an

integration center in the hypothalamus in the brain stem,

and thermoeffectors including sweat glands, skeletal mus-

cle, and cutaneous blood vessels.

The physiological control system to enable regulation of

body TC has autonomic and behavioral components [11].

Behavioral components include changes of clothing,

seeking warmth or shade or limiting activity, and these

components have important contributions to the regulation

of TC. If these behaviors are restricted, such as in a labo-

ratory setting, following decreases in body surface and TC,

shivering and cutaneous vasoconstriction are the main

autonomic thermoregulatory effector responses. These

responses contribute to heat balance by generating heat

from shivering and restricting surface heat loss by con-

vection or conduction; this helps to regulate TC in cold

environments. In contrast, increases in body temperatures

are coupled with increased surface sweat production from

sweat glands and vasodilatation of cutaneous blood vessels.

If the ambient environment permits evaporation of the

sweat, a powerful surface cooling ensues. Likewise, vaso-

dilatation increases the volume of warm core blood closer

to the skin surface and heat is lost from convection, con-

duction, and radiation at the body surface.

Fig. 1 Diagrammatic illustration of body temperature in the human

body. a In cold environments, the area preserved at 37�C contracts

and the shell area expands. b The body volume preserved at 37�C

expands. Yellow areas in a, b, and c illustrate the ‘‘acral’’ regions that

help control body temperature by constricting blood vessels when the

body temperature falls. Arteriovenous anastomoses (AVA) found in

the cutaneous vasculature of the acral regions open and close to allow

or prevent, respectively, rapid heat loss from the skin. The concepts

presented here are generalizations; a number of variables, such as

gender, age, and individual difference can affect the temperature

distribution (adapted from [10])

3020 M. D. White et al.

123



Core and shell compartments change with ambient

temperature

The distribution of temperatures is best understood using a

2-compartment model of body temperatures [12]. The two

compartments in this model are the shell and the core

(Fig. 1). The boundaries of these 2 compartments are

indefinite and change according to ambient environmental

conditions. At a cold ambient temperature (Fig. 1a), the

surface temperatures are the lowest in the extremities

(approximately 28–31�C) and the core compartment is

regulated at 37�C. At warm ambient temperatures

(Fig. 1b), two main changes are evident in the core and

shell compartments. First, the physical size of the core

compartment increases and the shell compartment decrea-

ses. Second, there is a reduction in the large gradient of

surface temperatures evident in the cold (i.e., 28–31�C). In

the cold (Fig. 1a), there is a pronounced peripheral vaso-

constriction that physically increases the size of the shell

compartment as warm blood is shifted to a smaller core

compartment. In warm ambient conditions (Fig. 1b), more

blood perfuses the vasodilated cutaneous vascular beds and

the shell compartment physically expands in size.

Surface skin temperature depends on the type of

underlying cutaneous vasculature that varies in differing

anatomical locations. Acral regions include the hands, feet,

nose, and ears. These areas have arteriovenous anastomo-

ses (AVA) in the cutaneous vasculature that are under

sympathetic control. The non-acral surface regions of the

integument are the non-extremities and resolving the

mechanism(s) of control of the cutaneous vasculature in

these regions is an active area of research [13]. During

thermal challenges, these acral surface regions act as

thermoregulatory organs. Opening or closing of the AVA

allow rapid shifts of blood to or from the skin surface so as

to allow increases or decreases of surface heat exchange,

mainly through conduction and convection. The AVA

explains the ability of the extremities to rapidly give large

changes in perfusion as well as surface skin temperature.

This results in changes in heat loss or gain and assists in

thermoregulation. Consequently, the acral regions of the

body can have rapid and pronounced swings in their sur-

face skin temperature during changes in environmental

conditions. The temperature of the extremities, in the shell

compartment, can in cold environments reach temperatures

less than 10�C and these temperatures show a volatility to

changes in ambient environmental conditions.

Airway temperatures vary with every breath

During normal breathing by non-exercising humans, there

is considerable variability in the temperature of the airways

during inspiration and expiration. In one study [5] (Fig 2)

researchers examined the effect of different ambient tem-

perature (19 or 27�C) together with incremental changes in

the pulmonary ventilation rate (VE) on the temperature of

the air at different locations in the respiratory tract. At the

level of the glottis, that is part of the larynx, in the warmer

ambient conditions of 27�C, inspiratory and expiratory

temperatures ranged from 32 to 33�C at a VE of 15 l/min,

and this decreased to 29–30�C at a VE of 100 l/min. At this

same ambient temperature, deep in the airways at a VE of

15 l/min, airway temperatures were 35–36�C, and this

decreased to 34–35�C when VE increased to 100 l/min.

At the lower ambient air temperature of 19�C (Fig. 2b),

the spread in temperature was even more impressive.

Inspiratory and expiratory temperatures at the glottis ran-

ged from 28 to 29�C (VE of 15 l/min) to 20–23�C (VE of

100 l/min). Deep in the airways, the airway temperature

ranged from 35 to 37�C (VE of 15 l/min) to 32–32.5�C (VE

of 100 l/min). At elevated ambient temperatures of 37�C,

there were diminished gradients in temperature from the

upper airways to the right lower lobe of the lung (not

shown).

To summarize these findings in relation to a TS vaccine

design, one can assume that overall for individuals at rest

in an ambient temperature of 27�C, the entire airway

temperature is below a normal TC of 37�C. Deeper within

the airway, temperatures approach TC. With hyperventila-

tion there are substantial drops in airway temperature

relative to a normal VE. At a normal ambient room tem-

perature, the upper airways (glottis) are typically about

4–5�C below TC and lower airways are 0.5–1.0�C below

TC. At lower ambient temperatures there are more pro-

nounced gradients between the upper and lower airways

and between the airways and the core compartment.

Other considerations: natural and pathological

variations in body temperatures

There are natural variations in human body temperatures

caused by circadian rhythms, menstruation, and repeated

exposure to different climates, and illnesses can also pro-

duce significant variations in body temperatures. The

circadian variation in body temperatures has a period of

24–25 h [12, 14] and follows an approximately sinusoidal

pattern for both TC and surface skin temperatures. For TC

the nadir is a few hours before waking in the morning with

a value of 0.5–1.0�C below mid-day resting TC and the

zenith occurs in the late afternoon with a value of

0.5–1.0�C above mid-day resting TC [12]. For surface skin

temperatures, this circadian variation follows a similar

sinusoidal pattern as TC but generally has bigger ampli-

tudes [15].
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During menstruation, the TC is lowest in the follicular

phase and following ovulation at the midpoint in the

28-day cycle there is a 0.5–1.0�C increase in TC that is

maintained throughout the luteal phase [14, 16]. These

menstrual cycle changes in TC do not appear to be followed

by parallel changes in skin temperatures.

Humans also have the ability to change their responses

to environmental temperatures. Repetitive exposure to hot

humid or hot dry [12] as well as to cold environments

[17, 18] gives adaptations of body temperatures and ther-

moregulatory responses. With repetitive exposure to hot

environments the resting TC and surface skin temperatures

are lower than in unhabituated people, and even small

increases in the Tc will initiate surface sweating responses,

as well as cutaneous vasodilatation responses. Following

cold acclimation, TC and surface skin temperatures are also

lower than in unhabituated individuals, but here a larger

decrease in TC is needed to induce a shivering response and

vasoconstriction to promote heat conservation [17].

A variety of pathologies can affect body temperatures

more dramatically. During fever (pyrexia), a higher body

TC is maintained and variations from this TC give the

appropriate thermoregulatory responses [10]. For example,

for a febrile TC of 40�C the thermoregulatory responses are

minimal or dormant. A decrease from the TC of 40�C

induces shivering and heat conservation responses whereas

an elevation in TC from 40�C induces surface sweating.

The corresponding increases and decreases in heat

exchange follow these thermoregulatory responses.

Hyperhidrosis is an elevation of surface sweat production

that is normally benign but can be associated with lower

surface skin temperature and TC, whereas hypohidrosis

(reduced sweating) or anhidrosis (absence of sweating) can

lead to hyperthermia with elevations of skin temperature

and TC [19].

Although it is prudent to consider the problems that

variation in human body temperatures pose to designing TS

vaccines, it is also important to remember the extensive

history of success in using TS viral vaccines. Some of the

new approaches discussed below that can be used to create

TS vaccines allow one to choose the precise temperature of

inactivation of the TS agent. Thus, new vaccines should be

able to accommodate the variety of factors that affect

human body temperatures.

Effective antigen processing by immune cells in the skin

One of the important challenges in vaccinology is devel-

oping a convenient delivery strategy, such as inoculating

the skin, while inducing a systemic immunity that includes

mucosal sites, such as the respiratory tract. Administration

of vaccines via scarification, which involves deposition of

the vaccine material on the skin and then scratching or

puncturing the skin to introduce the vaccine material into

the different skin layers, has been an accepted method of

antigen delivery for decades. For example, the live vac-

cines used to prevent tuberculosis and tularemia are

Fig. 2 Air temperature in the

human respiratory tract. The

rate of breathing (VE) and the

air temperature affect the air

temperature in the respiratory

tract, but it usually does not

reach the temperature of the

body core (in moderate ambient

temperatures). The arrow for

‘‘glottis’’ and ‘‘Seg-1’’ represent

the level of the larynx and the

bronchopulmonary segment 1,

respectively (adapted from [3])
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administered in this fashion, as was the vaccinia (anti-

smallpox) vaccine. These vaccines demonstrate that it is

possible to generate mucosal immunity following vacci-

nation at peripheral sites.

The development of this immunity is thought to be lar-

gely dependent on the presence of dendritic cells patrolling

the dermal compartments for foreign antigen to be taken up

and presented to T cells in the local lymph node. There are

several reasons why a live organism induces a better

immune response from dendritic cells than a dead or com-

ponent vaccine. First, adequate immune responses are

rarely directed against a single antigen or epitope. Intact

microorganisms are complex and likely possess an array of

antigens required for protection against virulent strains.

Second, live organisms have pathogen associated molecular

patterns (PAMPs) that are recognized by specific host cells,

including dendritic cells. Engagement of PAMPs by den-

dritic cells increases the uptake of the vaccine strain by

these important host cells and ultimately facilitates the

process of antigen presentation that is required for the

generation of long-lived immunity against most pathogens.

Finally, live attenuated pathogens may also provoke

inflammatory responses that aid in activating host cells,

which could help drive development of adaptive immunity.

Following engagement of PAMPs and phagocytosis of

antigen or pathogens, dendritic cells produce an array of

pro-inflammatory cytokines and chemokines [20]. These

cytokines and chemokines serve two purposes. First, they

alert the host of the presence of an invading pathogen and

allow for recruitment of effector cells, such as neutrophils,

capable of immediately controlling the infection. Second,

many of these cytokines induce dendritic cells to undergo

maturation. This maturation process is marked by a shift in

surface expression of the chemokine receptor CCR5 to

CCR7. Loss of CCR5 and increase in CCR7 on the surface

of the dendritic cell allows for migration of the dendritic

cell to the local lymph node [21]. Dendritic cell maturation

also includes increased surface expression of antigen-

bearing MHC receptors and costimulatory receptors, i.e.,

CD80 and CD86, that are required for presentation of

antigen to T cells residing in the lymph node [21]. Lastly, it

has been suggested that the dynamics of specific dendritic

cell subsets arriving in the draining lymph node may affect

the type of T cell response that develops, i.e., Th1 versus

Th2.

The skin contains different sub-populations of dendritic

cells and the precise role of different subpopulations of

skin dendritic cells in stimulating humoral or cellular

immunity is not entirely clear. The outermost skin layer is

the epidermis, which is about 1 mm in thickness, depend-

ing on the anatomical location. The major immune sentinel

cells in the epidermis are the Langerhans cells, a form of

dendritic cell that self-proliferates and is not replenished by

cells originating from the bone marrow. Lying beneath the

epidermis is the dermis layer, which is about 2–3 mm thick

and contains sweat glands, nerves and blood vessels and a

second population of dendritic cells coined ‘‘dermal den-

dritic cells.’’ Both Langerhans cells and dermal dendritic

cells can take up antigen and migrate to the local lymph

node where they present antigen to resident T cells.

There are at least two key differences between Lan-

gerhans cells and dermal dendritic cells in their function as

antigen presenting cells. First, even in the context of

inflammation, Langerhans cells take about 72 h following

encounter with antigen to migrate to the lymph node [22].

In contrast, dermal dendritic cells that express langerin (but

are distinct from Langerhans cells) have been noted to

arrive in the lymph node within 18 h after exposure to

antigen [23]. Thus, dermal dendritic cells may represent the

first cells capable of alerting T cells to foreign antigen

present in the skin.

A second important difference between Langerhans

cells and dermal dendritic cells lies in their ability to cross

present antigen to CD8? T cells. Activation of CD8? T

cells is especially important for defense against a wide

array of intracellular pathogens. CD8? T cells have the

ability to both activate infected phagocytes following

secretion of IFN-c and lyse infected cells via direct cyto-

toxicity. Stimulation of CD8? T cells by dendritic cells

requires cross-presentation of antigen. Langerhans cells are

not able to cross-present antigen to CD8? T cells. Rather,

dermal dendritic cells that possess langerin on their surface

are the cell types that perform this function in the local

lymph node [24].

The differences between Langerhans cells and dermal

dendritic cells extend beyond their ability to present anti-

gen to different subsets of T cells. Recent evidence

suggests that both cell types can differentially polarize T

cell responses, and that populations of Langerhans cells

and dermal dendritic cells vary depending on specific

anatomical locations [25]. In that report, it was shown that

in mice the ear contained both Langerhans cells and dermal

dendritic cells, whereas the footpad had a surprising lack of

dermal dendritic cells. Furthermore, Langerhans cells were

found to provoke strong Th2 responses, whereas dermal

dendritic cells appear to promote strong Th1 responses.

Th2 responses are considered especially effective against

extracellular pathogens. In contrast, it is widely accepted

that Th1 responses are required for defense against infec-

tion with intracellular pathogens [26–28]. Thus, if a

vaccine is designed to generate immunity against an

intracellular pathogen such as M. tuberculosis or F. tular-

ensis, one would target dermal tissues that are rich in

dermal dendritic cells. Alternatively, vaccines directed

against extracellular pathogens may be more effective if

delivered to sites dominated by Langerhans cells.
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Although we have discussed vaccination at skin sites,

mucosal tissues, especially those in the gastrointestinal or

respiratory tracts, could also be used as sites for introduc-

ing a live vaccine. However, there is considerable

controversy over the requirement of mucosal vaccination

for inducing immune protection at mucosal sites, and

addressing these issues as they relate to vaccination with

TS live vaccines is beyond the scope of this review.

TS viral vaccines

Viral vaccinology is rich in the number and variety of

vaccine types that have been successfully used, and pro-

vides the best set of examples of TS vaccines. Many of

these live TS vaccines were selected by repeatedly sub-

culturing the virus at cool (26–29�C) temperatures either in

chicken embryos or in tissue culture [29–31]. Some

examples of vaccines developed using this approach

include the Sabin polio vaccine [32], the rubella vaccine

(Meruvax� II) [33] and the FluMist� intranasal vaccine

[30]. Mutant viruses that grow better than their parent

strains at the cool temperatures are said to be cold adapted

and are often attenuated in their virulence. However,

multiple changes to the viral genome usually occur during

the cold-adaptation process, and mutations that lead to cold

adaptation can sometimes be distinct from mutations that

lead to attenuation or temperature sensitivity.

A cold-adapted phenotype simply indicates that a virus

replicates better than its wild-type parent at cool temper-

atures, whereas a TS phenotype means that one or more

viral macromolecules cannot fully function at elevated

temperatures (usually 38–40�C). In viruses that have been

passaged at cool temperatures it is common to find any of

the following: (1) mutations that induce an attenuating

phenotype but do not contribute to cold adaptation nor

temperature sensitivity, (2) mutations that induce both

temperature sensitivity and cold adaptation, (3) mutations

that induce temperature sensitivity without affecting cold

adaptation, or (4) mutations that induce cold adaptation

without affecting temperature sensitivity. Usually a TS

mutation is also attenuating, simply by the fact that the

virus is unable to replicate at core body temperatures.

In some cases, researchers have characterized the con-

tribution of different mutations in cold-adapted viruses and

surmised the phenotype that the mutations impart on the

virus. Murphy and colleagues have documented just such

an array of mutations found in influenza and parainfluenza

TS variants. For example, of the 15 non-silent nucleotide

changes in the cold passaged parainfluenza virus cp45,

three mutations in the L polymerase resulted in amino acid

changes that induce a TS and attenuation phenotype but did

not contribute to cold adaptation [34]. Surprisingly,

construction of recombinant virus that lacked some of the

mutations known to render a TS phenotype, were more TS

[35]. This suggests that protein–protein interactions lead to

the overall TS phenotype rather than several separate

mutations that independently contributed to the TS phe-

notype. They also showed that multiple mutations,

different from those that imparted a TS phenotype, con-

tributed to the cold adaptation of the cp45 virus.

In a separate study of parainfluenza virus, Subbarao

et al. [36] showed that multiple TS lesions were additive;

that is, the introduction of more TS lesions lead to a lower

restrictive temperature. They also showed that, as expected,

the lower the restrictive temperature the lower the yield of

virus from infected hamster tissue. As well, they showed

that virus with restrictive temperatures of 36, 37, and 38�C

could replicate in the upper respiratory tract but not in the

lower respiratory tract, which is presumably at a warmer

temperature. However, virus strains that could replicate at

39�C or higher were competent for robust replication in the

lower respiratory tract.

The most recently introduced cold-adapted viral vaccine

is the FluMist influenza vaccine. This vaccine is a deriv-

ative of the cold-passaged A/Ann Arbor/6/60 strain [37].

Jin and co-workers showed that five amino acid changes

are responsible for the TS and attenuation phenotypes of

the strain [38, 39]. The restrictive temperature is about

39�C where it has 2–5 log less cell culture growth

(depending on the multiplicity of infection) than a wild-

type strain [40]. Clinical trials of FluMist have shown that

it provides better protection against both antigenically

matched and unmatched influenza virus [41], and that it

can be safely used in immunocompromised individuals

[42].

TS bacterial vaccines used in veterinary medicine

Live vaccines have been common in veterinary medicine

for decades, but only a handful are TS vaccines. Between

1980 and 2000, TS vaccines for Chlamydophila abortus

[43–45], Mycoplasma synoviae [46–48], Mycoplasma gal-

lisepticum [49], and Bordetella avium [50] were developed.

All of these vaccines were produced using chemical

mutagenesis (nitrosoguanidine) to create the TS mutations,

and powerful chemical mutagens are known to create

multiple mutations in the targeted chromosome. At the

time these TS vaccine strains were made, rapid DNA

sequencing technologies were not available, and thus, the

mutants were not analyzed sufficiently to know the nature

of the mutations in the vaccine strains. Because there was

limited genetic analysis of these TS strains, one cannot

conclude that the primary attenuating mutations are those

that confer a TS phenotype. Had these vaccines been
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developed in the era of rapid genome sequencing, it would

have been possible to make some surmises as to the

mutations that affected virulence and temperature sensi-

tivity. Despite these drawbacks, these vaccines provide

validation that TS bacterial vaccines can be effective and

acceptable to the agricultural community.

New approach to creating TS bacterial vaccines

using psychrophilic essential genes

Advances in molecular biology and microbial genomics

over the past few decades have made it possible to

understand the role and functioning of a large portion of the

genes in a bacterial chromosome, and furthermore, to

rapidly alter its gene composition and regulate individual

or large blocks of genes. As well, decades of work by

microbial geneticists has established the identity of dozens

of common essential genes that are found in intensely

studied model bacteria, such as Escherichia coli and

Bacillus subtilis. The identification of essential genes has

been greatly expanded in the last decade due to the

explosion in the number of sequenced bacterial genomes.

The availability of a sequenced genome allows researchers

to apply saturation transposon mutagenesis and identify

the insertion point of every transposon insert [51–64].

Although each bacterium has a different number of

essential genes, all bacteria share a common set of at least

100 highly conserved genes that are essential in almost all

bacteria [55].

In a recent study we combined many of the methods of

modern microbial genetics and applied them to the goal of

creating TS bacterial vaccines [65], and the potential sig-

nificance of this work is discussed in two commentaries

[66, 67]. The conserved nature of essential genes inspired

us to test the idea that substituting an essential gene from a

psychrophilic (cold-loving) bacterium for its counterpart in

the chromosome of a mesophilic (moderate-loving) bacte-

rium would render the latter temperature-sensitive. A

relatively large fraction of psychrophilic essential genes

indeed did function properly in a mesophilic host, and

created a TS strain. Importantly for the use of TS bacteria

as vaccines, we found that most of the psychrophilic

essential genes did not mutate at detectable rates to pro-

duce temperature-resistant products. Hence, most hybrid

strains had a stable TS phenotype.

At the time we began our work, there were only a few

sequenced genomes of psychrophilic bacteria [68–70].

Fortunately, the G?C content of the DNA of one of the

better-studied psychrophiles, Colwellia psychrerythraea,

was reasonably close to that of the G?C content of our

targeted mesophile, Francisella novicida [71], a facultative

intracellular, rodent pathogen that induces disease in mice

similar to human tularemia [72]. Having similar G?C

content reduces the need to codon optimize the foreign

gene. F. novicida was well suited for our needs, since it can

be transformed with linear or circular DNA that readily

integrates into the chromosome [73]. Its biology as an

intracellular pathogen also makes it ideal to test TS forms

as live vaccines since intracellular pathogens usually

require cellular immunity for effective clearance, and live

vaccines are particularly good at inducing a cell mediated

response.

Our concept of a TS vaccine strain was of a bacterium

that retained all of its virulence properties but was TS in an

essential function and thus restricted in where it could grow

in the body by the different temperatures of mammalian

tissues. For example, we envisioned a TS pathogen that

was introduced into the skin where the pathogen would be

engulfed by dermal dendritic cells. At some point, the

pathogen-laden dendritic cells would migrate to a local

lymph node where the pathogen would encounter elevated

body temperatures and die. It was hoped that the TS

pathogen would have enough ‘‘normal’’ growth in the

antigen-processing cell so as to induce an immune response

that mimicked that induced by the wild-type pathogen,

before the TS pathogen died due to elevated temperature.

When we constructed TS forms of F. novicida by

inserting TS essential genes from C. psychrerythraea we

wanted to test if the TS F. novicida would replicate at a

relatively cool site in a mammalian host without replicating

in warmer, deep tissue. Four strains of TS F. novicida with

restrictive (lethal) temperatures of 35, 37, 38, and 41�C

were injected subcutaneously at the base of the tail in rats

and mice. For all of the strains, bacteria could be found at

the site of inoculation 3 days later. For the strains with

restrictive temperatures of 35 and 37�C no bacteria could

be found in the spleen at the same time point. For the strain

with the 38�C restrictive temperature, bacteria could be

found in the spleen at numbers about 100-fold less than

found with the wild-type F. novicida strain. After inocu-

lating with the strain with the 41�C restrictive temperature,

bacteria were found in rat spleens at numbers about tenfold

less than when the wild-type strain was used for the

inoculation; the wild-type strain has a maximal growth

temperature of about 45�C.

A strain with a restrictive temperature of 37�C was

used to test for its ability to induce protective immunity.

A subcutaneous inoculation at the base of the tail with the

TS strain was followed 3 weeks later with a lethal chal-

lenge with the wild-type F. novicida strain, which was

delivered intranasally. The inoculation with the TS strain

provided immune protection as measured by the reduced

bacterial organ burden, reduced weight changes, and

survival of the vaccinated mice as compared to mock-

vaccinated mice.
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Factors that affect a successful substitution

of an essential gene

One of the goals in engineering a TS vaccine strain is to

have its growth at a permissive temperature to be as close

to the wild-type strain as possible. When substituting a

gene encoding a psychrophilic essential protein into a

mesophilic chromosome there are a number of issues one

needs to consider in attempting to ensure that the function

of the psychrophilic gene product matches that of its

mesophilic host counterpart. First and foremost is the

properties (kcat, KM, half-life) of the psychrophilic prod-

uct itself. These factors are the most difficult to control,

and testing a variety of psychrophilic forms to find a good

candidate is probably easier than attempting to engineer a

psychrophilic enzyme to be similar to its mesophilic

counterpart. The transcription of the psychrophilic gene

can be engineered to be at a physiological level simply by

fusing the psychrophilic gene to the mesophilic gene’s

first few codons. However, a number of subtle differences

between the mRNA sequence of the psychrophilic and

mesophilic gene can potentially affect the rate of trans-

lation of the foreign gene. The strength of the ribosome

binding site (RBS) is strongly influenced by the sur-

rounding sequence, both upstream and downstream of the

RBS [74], and the introduction of a foreign gene could

affect the amount of protein translated. Even if the psy-

chrophilic protein were to have identical amino acid

sequence at the N-terminus as the mesophilic protein, just

a change in the nucleotide sequence (different synony-

mous codons) could affect translation initiation. Also,

changes in the nucleotide sequence could affect the effi-

ciency of translation if rare codons [75, 76] or rare codon

pairs [77] for the host organism are introduced. This last

issue can be addressed by carefully designing codon-

optimized genes.

One gene substitution (the pyrG gene) made us ponder

the issues discussed above. The pyrG gene encodes the

essential protein, CTP synthetase, which converts UTP to

CTP. When we introduced the C. psychrerythraea pryG

gene into F. novicida we found that two separate successful

substitutions both contained hybrid genes, with the F. no-

vicida portion occupying the first 57 or 156 codons of the

544 codon gene (Fig. 3). It could be that the Colwellia CTP

synthetase could not function without the amino terminus

of the F. novicida enzyme. It could also be that one of the

mRNA features, such as the RBS required the F. novicida

mRNA sequence at the 50-end. However, the case of pyrG

may represent an even more complicated situation. In some

bacteria pyrG transcription has been shown to be controlled

by attenuation in which the cellular concentration of CTP

affects the 50-secondary structure of the mRNA and dif-

ferent mRNA structures lead either to transcription

termination or transcription anti-termination [78–80]. This

example emphasizes the need to consider a number of

factors, including those that affect transcription, transla-

tion, and enzyme function.

How much diversity in TS essential genes can we expect

to find?

Optimally one would like to discover a panel of TS

essential proteins that can be mixed and matched to meet

the requirements of any genome engineering. This is

similar to the notion of ‘‘biological parts’’ that are often

discussed as the basis of much of synthetic biology [81].

For example, for any one essential protein one would like

to have variants that are inactivated at a range of different

temperatures depending on how one would like to use the

encoding gene. Also, as we have found for some TS

psychrophilic genes, one may need to examine a number

of variants in order to find one that is incapable of

mutating to a temperature-resistant form. In some cases

one would like to have TS products encoded by genes

that lie in widely dispersed locations in the target meso-

philic chromosome so that a lateral gene transfer event

would be unlikely to replace both in a single gene transfer

event.

The task of finding multiple forms of a psychrophilic

essential gene has been made easier by the recent explosion

of the number of sequenced genomes of psychrophilic

bacteria. Although an expanded number of genome

sequences clearly enhance the diversity of available psy-

chrophilic essential genes, this library of genes is probably

only a small part of the readily available diversity. Studies

of ocean bacterial biodiversity have shown that there is a

great micro-diversity of a bacterial species at any one

location [82]. In other words, several variants of the same

species appear to co-exist in an ocean environment, and

they may exhibit a wide range of sequence identity to the

reference genomic sequence. This has been demonstrated

primarily with pelagic photosynthetic bacteria in tropical

and subtropical areas of the ocean. If the same phenome-

non holds true for psychrophilic bacteria in cold ocean

waters then this would imply that multiple forms of TS

essential protein encoding genes can be isolated from a

single sample of ocean water.

The high conservation of essential proteins also makes

them amenable to the formation of hybrid proteins through

recombining portions of different variants of the same

gene. In many essential proteins, there are several regions

of high identity, and these represent regions that can be

used as combining sites. This largely alleviates the worry

that artificially combining two proteins would disrupt an

unidentified protein domain.
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Appropriate uses of TS bacterial vaccines

The current use of TS vaccines in veterinary medicine sug-

gests that the introduction of new, well-defined TS live

veterinary vaccines would be widely accepted. As live vac-

cines are relatively inexpensive to produce and administer,

this would make them particularly attractive as veterinary

vaccine, where low cost is essential. TS veterinary vaccines

would be advantageous in combating pathogens that require

a T cell response for the best protection. These include

Brucella abortus, Salmonella enterica, and Mycobacterium

bovis.

The use of live vaccines for humans is likely to be

restricted to those diseases for which subunit vaccines have

not worked despite intensive efforts. Vaccine manufacturers

prefer vaccines that have a minimal number of components,

and thus variables, so that they can rationally test and

control for the possibility of adverse reactions. However,

some important human pathogens have been poorly con-

trolled by current vaccines, and improved live TS vaccines

are reasonable candidates as replacements. Such pathogens

include M. tuberculosis and S. typhi, which kill over 1.5 M

and 200,000 people each year, respectively.

Although we have discussed the use of TS bacteria as live

vaccines that can replicate in cool sites in the body, and

preferably induce cellular immunity, there is also a case for

using TS bacteria as components of mucosal vaccines. We

found that some TS psychrophilic essential genes were

inactivated in the range of 32–33�C, and it is likely that many

can be found that are inactivated at even lower temperatures.

A pathogen engineered with an essential gene whose product

is inactivated, e.g., at 30�C, would be unable to replicate at

any site in the human body. Thus, intestinal pathogens TS at

30�C could be used as orally administered vaccines much as

the anti-cholera/traveler’s diarrhea vaccine is currently used.

The Vibrio cholerae cells in the Dukoral vaccine are a

mixture of formaldehyde and heat inactivated cells. Both

killing treatments potentially alter protective antigens, and

there is the possibility of traces of formaldehyde in the

vaccine preparation. The use of a TS vaccine that dies at a

low temperature would avoid the problems associated with

both chemical killing or killing of the pathogen at elevated

temperatures. Another potential advantage of using TS

strains as vaccine components is that the bacterial cells may

have residual metabolic activity, allowing them to maintain

protective antigens identically to the wild-type strain.

The future: the role of synthetic biology

in the development of TS vaccines

As genomic information grows and more tools become

available for genome engineering, live attenuated viral and

bacterial vaccine strains will be better designed and

Fig. 3 Hybrid protein of

F. novicida and

C. psychrerythraea CTP

synthetases (product of pyrG
gene). The area in red
represents the F. novicida
sequence and the area in yellow
represents the amino acid

sequence that is identical

between the two protein forms.

The area in blue represents the

C. psychrerythraea sequence.

The enzymes from the two

bacteria are 70% identical in

amino acid sequence. The only

successful C. psychrerythraea
pyrG gene substitutions in

F. novicida were genes with a

hybrid structured, and two

similar hybrid structured were

found. The retention of the

F. novicida portion at the

N-terminus may represent the

need for that amino acid

sequence to maintain enzymatic

activity or may reflect the

requirement to conserve the

mRNA sequence at the 50-end of

the transcript
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characterized. Already, researchers have made synthetic

polio and influenza virus strains which are attenuated by

deliberately changing the codon pair bias in open reading

frames so that encoded proteins are made less efficiently

[83–85]. This technology, called ‘‘synthetic attenuated

virus engineering’’ (SAVE), can probably be applied to a

wide variety of viruses. Although viral genomes are much

smaller than bacterial genomes it is now also possible to

completely engineer the latter. One of the important areas

of research is reducing genomes to their minimal size by

eliminating mobile elements and inactive vestigial genes

[86]. Bacteria with ‘‘reduced genomes’’ are less likely to

suffer genome rearrangements, and thus will express for-

eign genes in a predictable way. As well, researchers at the

J. Craig Venter Institute have demonstrated that it is fea-

sible to design and chemically synthesize large fragments

of a bacterial chromosome, including a whole chromosome

[87, 88]. These advances will make it possible to optimize

the expression of foreign genes by planning gene regula-

tory loops, codon and paired codon contents of genes, and

other factors that affect mRNA and protein expression. All

of these developments will prove useful in designing better

live vaccine strains.
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