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Summary

Fever or pyrexia is a process where normal body temperature is raised over homeostasis
conditions. Although many effects of fever over the immune system have been known for
a long time, it has not been until recent studies when these effects have been evaluated in
several infection processes. Results have been promising, as they have reported new ways
of regulation, especially in RNA molecules. In light of these new studies, it seems important
to start to evaluate the effects of pyrexia in current research efforts in host-pathogen
interactions. Viruses and bacteria are responsible for different types of infectious diseases,
and while it is of paramount importance to understand the mechanisms of infection, potential
effects of fever on this process may have been overlooked. This is especially relevant because
during the course of many infectious diseases the organism develops fever. Due to the lack
of specific treatments for many of those afflictions, experimental evaluation in fever-like
conditions can potentially bring new insights into the infection process and can ultimately
help to develop treatments. The aim of this review is to present evidence that the temperature
increase during fever affects the way the infection takes place, for both the pathogen and the

host.
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1. Introduction

Fever is one of the usual clinical features that appear
during the course of several infectious diseases, such
as chikungunya fever caused by Chikungunya virus
(CHIKV) (/), Hantavirus Pulmonary Syndrome (HPS)
(2) or Hemorrhagic Fever with Renal Syndrome (HFRS)
(3,4) caused by several members of the Hantavirus
(HTV) genus, uncomplicated malaria fever caused by
Plasmodium falciparum infection (3), enteric fever
caused by Salmonella serovars (6), cat scratch fever
caused by Bartonella spp. (7), or is a common symptom
in infants or adolescents affected by pulmonary
tuberculosis due to Mycobacterium tuberculosis infection
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(8), among other type of infectious diseases. It is also a
symptom that helps to recognize disease (9).

In order to develop new applications which could
potentially serve as treatments, we need to increase our
knowledge on the way that host-pathogen interaction
works. Although there are many excellent efforts in this
regard, an aspect that has not been broadly experimentally
addressed has been the potential implications of fever
on the interaction with the host and the development of
the infection. Some studies have shown the importance
of these types of considerations when evaluating hyper-
thermic incubation conditions compared with the
homeostasis temperature of 37°C (10). Therefore this
review will focus on fever as an important variable to
be considered in infectious diseases research, focusing
especially on studies that reported how pyrexia can affect
on the one hand the host immune response (//), and on
the other hand the pathogen response.

2. Acquisition of fever during evolution

The acquisition of mechanisms to regulate body
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temperature has been an evolutionary achievement
for homeothermic and later endothermic organisms
(12), in order to gain freedom and occupy different
environmental niches, and it is translated as a notable
degree of independence from environmental fluctuations
(13). Within the regulation of body temperature, a
further specialization has been the development of
fever during certain conditions, among them infections
caused by pathogens. Although it is still a matter of
debate if this response represents an advantage for the
host or is deleterious (9), the fact that fever is a costly
process for metabolism indicates that it may have been
conserved due to an evolutionary advantage (/4). As
indicated by Harden et al. (9), there is a growing body of
evidence to sustain the view that fever is beneficial for
the host (15,16). Recently, Earn et al. (17) have found
that suppression of fever in normal clinical settings can
potentially lead to negative effects at the population-
level, due to a possible increase in the spread of
associated infections.

Fever is a process in which the body temperature
rises, deviating from normal values (7, /8), and according
to the excellent scientific text of Saladin (/8), it is a
beneficial process as long as it does not persist, or
reaches 44°C to 46°C, where it could be fatal or lead
to irreversible brain damage. For further information
about its origin, control, and implications on the immune
response we strongly encourage the reader to consult the
above mentioned source (18).

2.1. Effect of fever over the pathogen

As well as human microbiota (/9), pathogens have
coexisted with their hosts for a long time during
evolution, and they have developed mechanisms
especially adapted to circumvent immunological barriers
(20). Regarding temperature changes, bacteria have
developed strategies to adapt to these variations in the
environment (27), and similar strategies could be found
in pathogenic ones (22). One of the first phases for a
pathogen during the infection process would be to sense
when they are within the host (22). Body temperature
(37°C) acts as a signal for transcriptomic changes in
Histoplasma capsulatum (Hc) (23). As these authors
have demonstrated that homeostatic temperature of the
host is capable of inducing changes in the transcriptomic
landscape of the pathogen, it could be consequently
thought that infectious agents have probably adapted
to develop a response when fever appears. Morita et al.
(24) highlighted a mechanism of temperature sensing
in Escherichia coli, through the secondary structure of
mRNA, where ribosome binding is facilitated at higher
temperatures. In keeping with these suggestions Loh
et al. (25) described an effect of temperature (such as
pyrexia) in immune evasion by the pathogen Neisseria
meningitidis. The pathogen is able to detect increases
in temperature through RNA thermosensors, that leads

to expression of mechanisms to avoid the host immune
responses that are triggered during fever. In another set
of experiments, Eldahad et al. (6) have demonstrated
that 3 different typhoidal serovars from Salmonella
enterica are affected at fever-like temperatures, several
infective features are impaired, and that fever could
be used by the pathogen as a signal to enter into a
phase of persistence in the organism. Moreover,
fever temperatures in vitro inhibited the growth of
the protozoan parasite Plasmodium falciparum (5).
In the case of viruses, high temperature have been
demonstrated to destabilize viral RNA polymerase in
highly pathogenic avian influenza (HPAI) (26,27), or
can exert an inhibitory effect over the synthesis of the
viral RNA genome of Human Influenza A virus (28).

These studies open the door for the evaluation of
molecular changes on the pathogen in an environment
where temperature increases, especially over gene
expression, and conformational changes that may
affect RNA structures (as shown for thermosensors), or
efficiency of the viral replication machinery.

2.2. Effects of fever on the immune system

Increase of temperature within the host has also an
impact over the immune system (29), demonstrated by
Murdock et al. (30), where they report that temperature
can impact mosquito (4dnopheles stephensi Liston)
immunity. In humans, Tomiyama et al. (/1) have
evaluated the effect of mild hyperthermia treatment
on healthy adults, reporting an enhancement of innate
and adaptive immunity. Another study focused on the
characterization of the response of Dendritic Cells (DCs)
to Aspergillus fumigatus at two different temperatures
(homeostasis at 37°C, and fever-like temperature at
40°C), having found no differences in DC viability
or cytokine release, but a higher maturation rate for
DCs and a lower phagocytic capacity at 40°C (31).
Further characterization of the influence of fever-
like temperatures on mice DCs (/5) found an effect of
higher temperatures on the maturation of these cells.
DCs are precisely one cell type, with macrophages, that
are activated to unchain a series of events that leads to
a systemic induction of fever when infection occurs
(29). 1t is then that the same cells, which are key to the
febrile process, are ultimately affected by fever in their
immunological features.

Fever has been demonstrated to affect other immune
cells as reflected by Harden et al. (9,32), including
different types as neutrophils, monocytes or T-cells, or
Natural Killer cells (NK) (29) as well.

It has been highlighted (/8) that enzymatic reactions
may race ahead during a period with higher temperatures,
further explained by Fields et al. (33) (view section 3).
In the sense indicated in (29), fever is a product of one
or several biological processes, where the detection of
pathogen unchains a set of events that end up in a fever

www.irdrjournal.com



Intractable & Rare Diseases Research. 2016, 5(2):97-102. 99

process, that plays in favor of the host.
3. Molecular consequences during fever: a theory

Increases of temperature have an impact on biological
processes in living systems, with several well
documented examples. It has been demonstrated in
plants that heat shock is responsible for blocking
mature ribosome production (34,35), which are key
organelles for the normal performance of the entire
cell and ultimately the whole organism (36). Higher
temperatures induce physiological processes in the body
such as sweating (that essentially have a molecular
origin/response), as one of the mechanisms to dissipate
heat (37).

At a deeper molecular level, heat-shock proteins
(HSPs) (38,39), are a set of genetically conserved stress
sensitive proteins (39) that accumulate in cases of
exposure to high temperatures (35,40-43), among other
sets of stressful conditions, in order to protect the cell
(44), potentially by aiding in correct folding of proteins
denatured by heat shock (35,45). They have been
described in a range of species (40,44,46), including
vertebrates (4/) and among those, humans (47). Lack
of the 70-kilodalton family of HSPs (HSP70), a highly
conserved protein promoter of heat tolerance (46),
induces heat shock sensitivity in E. coli strains that would
be otherwise resistant to that type of stress. For humans
and rodents, short in vitro exposure to the range of 41-
43°C induces heat shock, leading to induction of HSPs
synthesis (48). Heat shock is connected with immune
response mediators, such as cytokines (48). HSPs have
an important role for the host immune response as well as
for the pathogen mechanisms of evasion. From the point
of view of the pathogen, overexpression of HSP70 and
HSP60 are fundamental for the survival of Salmonella
typhimurium during macrophage infection (46,49,50).
Besides, within the host they can act as antigen carriers,
although not as direct activators of the innate immune
response (57).

Temperature has the capability to influence
membrane fluidity, as it has been described in plants
through the modification of the saturation pattern of the
fatty acid component of membrane lipids (52). The effect
of a temperature decrease will lead to lowered fluidity
(e.g. oils in nature get solid when reaching a certain
temperature), while higher temperatures increase lipid
fluidity (53-55); and temperature also has a direct impact
on the ion transport systems in frog erythrocytes (56).
Because fluidization can have negative consequences for
the cell at very high temperatures (57), there is a higher
content of saturated fatty acids displayed in that set of
stressful conditions to maintain cell function and integrity
(55). Further stabilization of the membrane structure is
achieved through participation of cholesterol (58). All
of the above has important consequences for infectious
diseases, as the cell membrane is one of the first contact

surfaces with the external environment. Cholesterol is
also one of the key components of membrane lipid rafts
(59,60), which are used by a number of pathogens as
an entry point (58) due to the abundance of potential
receptors for the pathogen. Amini-Bavil-Olyaee have
found that an indirect disturbance of intracellular
cholesterol homeostasis is capable of interfering with
viral entry (60). In keeping with those results, Kapadia
and Chisari showed that Hepatitis C virus (HCV) RNA
replication relies on the host biosynthetic pathways of
cholesterol and fatty acids. Phenothiazines have been
used to target and increase fluidity leading to inhibition
of HCV entry (6/); while drugs that inhibited host-
membrane fluidity elevated mortality in mice treated
with normally mild influenza A virus (IAV) infection
(62). These and other findings are pointing to lipid
membranes as very interesting targets for treatment of
infectious diseases, or to tackle antimicrobial resistance
(63). Although we are considering an increase of
temperature from the homeostasis point of 37°C, to 40-
41°C, that deviation from normality can lead to the above
mentioned perturbations in terms of HSPs expression
or in membrane fluidity through fatty acid composition
or permeability, and that can have consequences for the
infection process, as has been previously highlighted.
The remaining question is if this deviation of a few
degrees would translate into changes in the structure or
the activity of proteins, such as enzymes (64), in a way
that they cannot perform their normal functions, or push
ahead cellular metabolism (33). Enzymes can display
sensitivity to temperature, and this can be transferred
to the biochemical process in which they take part (33).
Additionally, the rate of a reaction has an exponential
relationship with the temperature (33). In this scenario
recent efforts have evaluated the metabolomic profile
during a transitional fever process in order to understand
better the biochemical basis in rats (65). These type
of experimental approaches are appropriate as many
metabolic reactions are affected by temperature (33), and
the generated information has great potential to aid in
understanding the overall infection process.

4. Computational tools to analyze fever effects

In order to evaluate potential effects of fever on the
pathogen RNA secondary structure, computational
approaches can be used. It can be hypothesized that
some pathogens may be changing their behaviour
during pyrexia due to different properties of their
RNA molecules, or that bacterial pathogens may have
some type of RNA thermosensors which have not been
described yet. It is known that RNA are not linear
molecules, and have complex tridimensional structures
that may be affected by temperature, as shown for
RNA thermosensors/thermometers (66,67). RNA
thermometers follow changes in their structure upon
temperature variation (68), with the capability of even
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sensing changes down to 1°C (69). They importantly
control virulence factors in bacteria (70,71).

The use of computational tools to evaluate in a
first step potential temperature-induced perturbations
of the secondary structure of RNA in different viruses
or bacteria, seems like a reasonable approach prior to
experimental evaluation. These changes in the structure
would appear as a consequence of the increase of
temperature that occurs in inflammation processes upon
infection. Potential changes can be evaluated using
RNAtips (72), a user-friendly tool for the evaluation of
temperature-driven perturbations in RNA structure, and
which was developed by Chursov and colleagues (72).
For an evaluation of the fever, the temperature range can
be set from 37°C to 41°C. Another type of analysis can be
performed with the RNAfold web server (73,74) in order
to generate plots for the Minimum Free Energy (MFE
) or the centroid secondary structure, as an example, to
evaluate the influence of temperature over the structure,
at either 37°C or 40°C.

These are two types of computational tools that
can be used to carry out in silico simulations in order
to evaluate how feasible it would be to perform this
experimental approach. Due to the current advances
in sequence information for many infective agents, we
strongly encourage the scientific community to evaluate
potential changes in the secondary structure of RNA as a
first step towards further experimental studies.

5. Conclusions

The usual growth temperature when carrying out in
vitro cultures using cells from human, mouse, or other
mammals, is normally 37°C, in order to mimic the
biological conditions of these species (regarding their
body temperature). In the field of infectious diseases, the
in vitro interaction between the host and the pathogen is
also evaluated at 37°C. This information is of paramount
importance to better understand the interaction process.
However, as in vitro interaction experiments are not
performed at fever-like temperatures (from 39°C to
41°C), we are losing valuable data. Fever is an overall
beneficial process for the host although it is energetically
costly. Pathogens have developed an array of tools
that allow them to adapt to the host, such as RNA
thermometers, to sense when they are within the host in
order to express virulence genes, or to enter in a state
of dormancy. Fever has an impact over diverse types
of pathogens, such as bacteria, viruses, or parasites.
As well, the host is affected by febrile processes in its
immune system, as shown for different host species such
as moquitoes or humans. Those increases in temperature
in the range of a few degrees induce changes at different
biological levels: in the behaviour of DCs, in the
developmental programmes of parasites, in the virulence
factors of bacteria, and in the tridimensional structure
of RNAs (a set of them, called RNA thermometers)

(67,69,75,76).

At a molecular level, fever affects cells by the
induction of HSPs expression, a set of evolutionarily
conserved proteins. Cellular membranes are key elements
in the entry of several pathogens, as demonstrated
for viruses. In that process key aspects such as lipid
composition or fluidity can be directly affected by
pyrexia. Enzymatic reactions are also dependent on
temperature, and there is a potential impact of fever on
normal metabolic flux. Taking into account all of the
discoveries in the field until now, infectious disease
research can benefit enormously by considering fever
as a key element for the development of the infection
process. The value of these kind of experiments at fever-
like temperatures is that a better understanding of the
infection process can be achieved, observing if fever has
a negative impact over the pathogen, or if it increases its
virulence. Ultimately, this information can help in the
development of new treatments for intractable diseases,
or to manage fever differently in clinical settings.
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