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Antibiotic failure can be defined as any clinical situation where treatment with antibiotics
fails to cure the patient and remove the infection. Genetically-determined antibiotic
resistance certainly contributes to antibiotic failure in the clinic, but this is not the only
reason why antibiotics fail and it is likely not the most common cause of antibiotic failure. In
this perspective article, we outline several widespread examples of situations where
antibiotic treatment fails, even in the absence of formal resistance, including biofilm
associated-infections (65% of all infections) as well as infections in sepsis (19.7% of all
deaths) and immune compromised individuals. We then discuss various strategies that are
being employed to address the issue of antibiotic failure and emphasize that antibiotic
failure should be given increased awareness and resources to address this
underappreciated but critical issue.

Keywords: antibiotics, antibiotic failure, antimicrobial resistance, biofilm, host defence peptides, sepsis

INTRODUCTION

Antibiotics are arguably the most important medical advancement of all time. Since their emergence
in medical practice nearly a century ago, their astounding ability to treat infections has dramatically
reduced the scourge of infectious diseases that plaguedmankind. In the early part of the 20th century,
infectious diseases like wound infections, cholera, diptheria, pneumonia, typhoid fever, plague,
tuberculosis and syphilis were widespread and contributed to high morbidity and mortality (Shaw-
Taylor, 2020). Beyond their ability to treat infections, antibiotics form the foundation upon which
much of our current medical infrastructure is built. Antibiotics are essential for major and minor
surgeries, organ transplants and early-term births. Antibiotics, together with improvements in public
health, disease prevention, food safety, and sanitation, have helped to alleviate the burden on society
of these debilitating diseases, so much so that the life expectancy of someone born today is nearly
30 years longer than someone born a century ago (Hutchings et al., 2019).

Unfortunately, antimicrobial resistance is (AMR) rapidly becoming a serious issue around the world. A
recent article found that AMR contributes to nearly 5-million deaths worldwide and is the direct cause of
>1-million deaths/year (Murray et al., 2022). Some have termed the AMR crisis “the slow-motion
pandemic” (Sanderson and Thompson, 2021) with estimates of 10 million deaths/year by 2050 (O’Neill,
2016), a number likely exacerbated by the widespread use of antibiotics during the COVID-19 global
pandemic (Subramanya et al., 2021). Of great concern is that our arsenal of effective antibiotics is dwindling
at an alarming rate, as extensively discussed elsewhere (Howard et al., 2013; Årdal et al., 2020; Bhavnani
et al., 2020). Intriguingly however, formal AMR is not the major contributor of infections to mortality as
sepsis is directly associated with 11-million deaths annually (Rudd et al., 2020).
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Here we wish to highlight common situations where
antibiotics fail, have likely failed even during the gold age
of antibiotic discovery, and will continue to fail even if new
antibiotic compounds are discovered and introduced into the
clinic. Specifically, we will discuss three widespread situations
where antibiotics fail: biofilm-associated infections, infections
in immunocompromised patients and the dysfunctional
immune response to an infection known as sepsis. In all
three cases, the primary course of treatment is to
administer more antibiotics, but this strategy ignores the
complexities of these serious medical conditions and does
not address the true cause of antibiotic failure, often with
poor outcomes for the afflicted patients.

ANTIBIOTIC RESISTANCE VS. ANTIBIOTIC
FAILURE

The term antibiotic resistance is commonplace in society due to
the growing awareness of widespread AMR around the world.
The mechanisms underlying AMR include acquisition of a
(usually-mobile) genetic element (e.g., plasmids, transposons,
etc.) encoding a resistance gene, or a chromosomal mutation
developed under selective pressure (Munita and Arias, 2016).
This can lead to production of an enzyme that chemically
modifies/inactivates the antibiotic itself, alteration of the
binding site on the antibiotic’s target or alteration in net
uptake across of the bacterial envelope (Munita and Arias,
2016). The emergence and spread of AMR genes throughout
populations reduces the effectiveness of antibiotics over time,
resulting in increased or prolonged illness and greater morbidity
and mortality.

Antibiotic failure can be defined as any situation where
bacteria survive antibiotic treatment and the clinical symptoms
of the infection persist. Certainly, AMR could be considered as
one situation where antibiotics fail; however, there are many
more situations where antibiotics frequently fail even in the
absence of a genetically encoded resistance mechanism
(Figure 1). Below, we highlight examples where antibiotic
treatment often fails and emphasize that these situations are
already widespread and physicians have limited treatment
options to address them.

Biofilm Associated Infections
Biofilms are communities of microorganisms that grow on
surfaces. Clinically, biofilms are a major concern since biofilms
are the cause of 65% of all infections (Sharma et al., 2019;
Hancock et al., 2021). Common biofilm-associated infections
in humans include skin and soft tissue infections, catheter-
associated infections and dental plaque while more serious
medical conditions include infections of implanted devices/
prosthetics, endocarditis, and lung infections in cystic fibrosis
patients (Wu et al., 2015; Vestby et al., 2020). Critically, biofilms
are 10- to 1,000-fold more resistant to most antibiotics but this is
usually adaptive multi-drug resistance due to their altered growth
state, and reverts when the bacteria disperse from the biofilm.
There are no approved biofilm treatments; instead, high doses or
combinations of antibiotics are often used but treatments
frequently fail (Ciofu et al., 2017). For example, high levels of
antibiotics are used to treat biofilm-like abscess infections, cystic
fibrosis lung infections, bronchiectasis, and chronic
rhinosinusitis, but antibiotic effectiveness remains relatively
poor and treatment still requires invasive procedures such as
surgical debridement. Biofilms are an adaptive growth state of

FIGURE 1 | Common causes of antibiotic failure and potential strategies to address them. Antibiotic failure can be thought of as any clinical situation where
administration of antibiotics fails to improve patient outcomes. Antibiotic failure may be due to AMR but is also common with biofilm-associated infections, infections in
immunocompromised patients or in the serious condition known as sepsis. Several potential strategies have been proposed to deal with these different issues including
advancements in new diagnostics and specialized therapeutics designed specifically for scenarios where antibiotics fail.
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bacteria resulting in the differential expression of hundreds of
genes, cf. planktonic bacteria (Dötsch et al., 2012). This
undoubtedly contributes to multidrug and immune-response
resistance together with other factors such as reduced
metabolism and lowered bacterial growth rate (Vestby et al.,
2020).

Sepsis
Sepsis is serious and life-threatening condition caused by immune
dysfunction (Singer et al., 2016). Sepsis arises in response to an
infection, which is usually bacterial but can include fungal or viral
pathogens, and especially COVID-19 (Li et al., 2020); with
antibiotics being the primary tool in sepsis management.
However, antibiotics are frequently unsuccessful, as revealed
by the death of 23% of severe sepsis patients in 2017 (49-
million cases, 11-million deaths), representing 19.7% of all
deaths globally (Rudd et al., 2020). Although this number
eclipses the predicted 10-million deaths by 2050 due to
antibiotic resistance (O’Neill, 2016), it has not been
highlighted with the same level of alarm as the growing AMR
crisis. There is great urgency to initiate treatment since for every
hours delay in initiating antibiotic treatment results in a 7.6%
increase in the chance of death (Kumar et al., 2006).
Unfortunately, the early symptoms with which patients
present are quite non-specific and identification of the
offending pathogen takes time, so treatment is frequently
delayed. Also, physicians are forced to treat patients
empirically, often by prescribing broad spectrum antibiotics, in
an attempt to control the source of infection as fast as possible.
Therefore, sepsis could be considered a situation where antibiotic
treatment often fail, and illustrates a situation where the
underlying condition of a patient is likely as important as the
pathogen itself.

Infections in Immunocompromised Patients
Immune compromised patients encompass a sizeable portion of
the total population and include patients from different
backgrounds and from a wide range of medical conditions. It
is estimated that nearly 3% of all US adults (~10 million
individuals) have some type of immunosuppression (Harpaz
et al., 2016). Many of these patients lead normal lives, but
their impaired immune response makes them more susceptible
to infections and if they do become ill, they have a higher chance
of developing serious complications or dying. Furthermore, very
young children, including premature babies, and the elderly tend
to have weaker immune responses when compared to healthy
adults (Dorshkind et al., 2009; PrabhuDas et al., 2011),
representing sections of the population that are more
vulnerable to infections.

Immunocompromised patients can be subdivided into two
groups, those with primary immunodeficiencies in which a
component of the host’s immune response are impaired due
to a genetic mutation (McCusker et al., 2018) and those with
secondary immunodeficiencies in which extrinsic factors impair
the immune response (Chinen and Shearer, 2010). Nearly 270
different genetic disorders associated with primary
immunodeficiencies have been identified impacting on various

cellular processes related to cellular and humoral immunity,
production of deficient antibodies, overall immune
dysregulation or altered innate immunity, among others
(Picard et al., 2015). Secondary immunodeficiencies are more
common and may be due to a variety of causes including
environmental stresses, metabolic disorders, malnutrition, the
presence of particular chronic infections (e.g., HIV), or treatment
of medical conditions with immune suppressive drugs (e.g.,
corticosteroids and treatments for cancer and autoimmune
disorders, etc.) (Chinen and Shearer, 2010). All
immunocompromised patients rely on a readily available
arsenal of antibiotics should they get sick as their own
immune response is hindered from dealing with the pathogen.
Often these patients are treated aggressively to ensure that the
infection is cleared as quickly as possible to prevent long term
consequences associated with chronic infections but treatment is
hampered by the lack of a supportive immune system (Ankomah
and Levin, 2014).

POTENTIAL SOLUTIONS TO ANTIBIOTIC
FAILURE

Antibiotic failure is not due to a single cause and the medical
consequences of such failure are diverse and potentially far-
reaching. Therefore, it is likely that multi-pronged approaches
will be required to address these issues in the coming years. In the
following section, we focus on emerging strategies to address
antibiotic failure, examining emerging technology from both a
diagnostic perspective as well as a therapeutic standpoint
(Figure 1) with a particular emphasis on the antibiotic failure
scenarios described above.

Biofilm Specific Therapies
Current treatment options for biofilm associated infections
include debridement of the infected site to try and remove the
damaged tissue plus biofilm or infected implant followed by the
prescription of a course of antibiotics to try and control the
infection at the infected site as well as prevent dissemination to
other parts of the body (Koo et al., 2017). Depending on the
degree to which the biofilm infection has penetrated into the
underlying tissue and the damage and inflammation present in
the surrounding area, this type of biofilm treatment regimen can
be quite invasive and still leaves the patient with a serious wound
that may be susceptible to re-infection. In addition, due to the
strong possibility that the biofilm persists, aggressive treatment
with last resort antibiotics is often employed (Wu et al., 2015),
further compounding the overuse of antibiotics. As mentioned
above, no antibiofilm specific therapeutic has been approved for
clinical use.

One of the simplest ways of addressing biofilms on implanted
medical devices is to prevent them from developing in the first
place. Numerous strategies have been employed to develop
various bio-compatible coatings for these devices. Examples
include the incorporation of metals such as silver (Wang et al.,
2016; Ishihama et al., 2021) or copper (Gomes et al., 2020),
incorporation of synthetic antimicrobial peptides (Riool et al.,
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2017; Yu et al., 2017) or encapsulating antimicrobial agents that
are slowly released over time (Stærk et al., 2021) to prevent
biofilm attachment and proliferation.

Targeting the extracellular matrix of biofilms may be possible
through the use of exopolysaccharide degrading enzymes (Baker
et al., 2016), proteases to target proteins within the extracellular
biofilm matrix (Baidamshina et al., 2017) or DNases to break
down extracellular DNA (Okshevsky et al., 2015). The idea is that
dispersing the cells within a biofilm would return them to their
susceptible planktonic state thereby making them susceptible to
the effects of antibiotics. This is why dispersal agents would be
best used in combination with some type of antibiotic. Chemical
compounds may also be used to stimulate biofilm dispersal such
as nitric oxide (Howlin et al., 2017) or quorum-sensing inhibitors
(Brackman and Coenye, 2015).

Host defence peptides (HDPs) are natural antimicrobial
compounds produced by virtually all complex life forms
consisting of short cationic and amphipathic polypeptide
chains that have both antimicrobial and immunomodulatory
functions in vivo (Haney et al., 2019; Mookherjee et al., 2020).
HDPs have recently garnered significant interest as a potential
source of biofilm specific therapeutics stemming from the
observation that a human HDP, LL-37, prevented biofilm
formation in Pseudomonas aeruginosa at sub-inhibitory
concentrations (Overhage et al., 2008). Since that observation,
many natural and synthetic peptides have been identified that
also exert antibiofilm specific activity that is mechanistically
different from the effects of HDPs on planktonic bacteria (de
la Fuente-Núñez et al., 2014; Haney et al., 2018). Importantly,
many antibiofilm peptides have demonstrated efficacy in various
animal models of biofilm-associated infections including
infections of the skin (Pfalzgraff et al., 2018), sinuses (Alford
et al., 2021) and abscesses (Mansour et al., 2016; Pletzer et al.,
2018) as well as in human organoid models (Wu et al., 2021). The
mechanism of action used by antibiofilm HDPs to kill biofilm
cells is likely complex (Hancock et al., 2021) but has been shown
to involve the targeting of guanosine tetraphosphate which is an
important cell signalling molecule involved in the stringent stress
response across many bacterial species (de la Fuente-Núñez et al.,
2014). Overall, antibiofilm peptides represent a promising broad-
spectrum therapeutic to treat biofilm-associated infections in the
clinic.

Host Directed Therapies
Host directed therapies are treatments targeted to a host specific
mechanism that can limit infection and may include excitement
of a protective innate or adaptive immune response, inhibition of
a host pathway that is required for infection, repairing or
complementing a host defect (e.g., mutation) that leads to
enhance susceptibility to infection, or restoring healthy
microbial balance. As such, host directed therapies for
infectious diseases are being increasingly explored as a way to
mitigate antibiotic failure in immunocompromised patients and/
or limit the general overuse of antibiotics. Certainly, among
patients with primary immunodeficiencies, developing
treatments aimed at mitigating or curing the causative genetic
defect would have a tremendous impact on preventing infections

in immunocompromised patients. Indeed, recent advances in
gene therapy and the prospect of gene editing offered by CRISPR/
Cas9 provides significant optimism for reversing many of these
conditions in the near future (Booth et al., 2019). However, gene
therapy may not be possible in all situations and in many cases
the condition may not afflict a large enough population of
patients, thereby making it difficult to attract the research and
development efforts of pharmaceutical companies. Furthermore,
patients with secondary immunodeficiencies likely have multiple
immune pathways that are impacted by the presence of an
infection or some immune suppressing drug regimen that
genetic therapies alone are likely insufficient to completely
address their underlying condition while adequately protecting
against invading pathogens. Recently, we described a strategy
whereby screening of a CRISPR/Cas9 mutant library in THP1
monocytes for deficiencies in uptake of Salmonella, led to the
description of 183 potential targets for host directed therapy to
mitigate such infections (Yeung et al., 2019).

Rapid Diagnostic Tests
When it comes to treating infections, particularly when sepsis
is suspected, speed is of the essence. As mentioned above,
there is a stiff penalty for every hour’s delay in initiation of
appropriate therapy, e.g., potent antibiotics. Conversely, we
do not want to use our most important and potent antibiotics
in patients who are not at risk for sepsis, due to the potential
for antibiotic resistance development. Conventional
microbiological methods often take >24 h to pinpoint the
causative bacteria species and identify an antibiotic that
could be used for empirical treatment (Reller et al., 2009).
An additional factor that is often underappreciated is that
antibiotic susceptibility may be altered due to the use of in
vitro growth conditions that are not reflective of in vivo
conditions (Ersoy et al., 2017; Belanger et al., 2020),
potentially leading to inappropriate antibiotic use with
limited clinical benefit. For these reasons, significant efforts
are underway to develop rapid diagnostics that can
characterize the bacterial, fungal or viral source of an
infections to enable application of appropriate therapeutics.
Molecular diagnostic tests using PCR or mass spectrometry
based technology are now available and can detect the
presence of multiple pathogens in blood samples in a few
hours, with some even detecting specific antimicrobial
resistance genes (Afshari et al., 2012; Sullivan and Dien
Bard, 2019).

Since sepsis is caused by a dysfunctional immune response,
several groups have begun to examine whether the immune
response itself could serve as a basis for a molecular diagnostic
for sepsis. Early work from our research group identified a 31-
gene expression signature, that was present in sepsis patients
in the emergency room and reflected an immune dysfunction
due to cellular reprogramming (Pena et al., 2014); it was
recently reduced to 8 genes (Baghela et al., 2022). Likewise,
other molecular signatures of sepsis in ICU patients have been
reported in the literature (Scicluna et al., 2015; Sweeney et al.,
2016) and may serve as a basis to develop novel sepsis
diagnostics. Indeed, one test, SeptiCyte LAB, is already
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approved for use on sepsis patients in the ICU (Miller et al.,
2018). More recent work has revealed the presence of
endotypes of disease severity in individual sepsis patients,
that can be assessed in the ER (Baghela et al., 2022). These
endotypes reflect novel underlying mechanisms driving
sepsis, differ in severity, and can be diagnosed using 2-gene
expression signatures, which could be used as the basis to
stratify sepsis patients into different (personalized) treatment
groups.

Immune Modulators
An alternative host-directed strategy is to selectively modulate
innate immunity to boost protective immunity, a tactic that has
been used extensively in anti-viral therapy and to a lesser extent
for bacterial infections (Hancock et al., 2012). Many strategies
are being developed, including HDPs, that modulate the
immune response due to an infection in a fairly unique way.
Natural HDPs have the ability to influence a range of innate
immune responses in vivo (Hancock et al., 2016). In general,
HDPs promote immune functions which aid in the clearance of
a pathogen such as upregulating the production of various
chemokines that attract white blood cells to an infection site
while at the same time, suppressing the potentially harmful
effects of inflammation. These immunomodulatory effects can
be specifically optimized in synthetic peptide sequences (Haney
et al., 2015) and the immunomodulatory effects of synthetic
HDPs can provide protection against a range of bacterial
infections (Scott et al., 2007; Mansour et al., 2015). While
not specifically explored in the context of immune
compromised patients, it is conceivable that this patient
population could potentially benefit from such a therapeutic
approach, as would the general population.

Although discussed in the context of microbiota
displacement therapy, probiotic organisms are also
immune modulators (Cosseau et al., 2008; Cristofori et al.,
2021). Indeed, combinations of respiratory microbes are a
known anti-infective strategy used for lower respiratory
infections in Latin America (Del-Rio-Navarro et al., 2012).
Also, probiotics represent a strategy that is effective in
decreasing the rate of sepsis in pre-term infants (Athalye-
Jape and Patole, 2019).

CONCLUSION

AMR remains one of the most significant issues facing mankind
and continued research into antibiotic discovery and clinical
development of new antimicrobials should be prioritized and
accelerated in the coming years. However, while providing new
chemicals capable of killing resistant bacterial pathogens may
alleviate the pressure arising from circulating AMR genes, such
molecules do not address the root cause of why many antibiotics
already fail, and antibiotic failure will continue to place a
significant burden on global health.

There are substantial benefits to addressing antibiotic
failure. Developing appropriate therapies to specifically
target biofilm-associated infections would reduce the use
of broad-spectrum antibiotics currently used to treat such
infections, thereby reducing selective pressure for AMR
development. Likewise, the development of rapid
diagnostic tests capable of identifying specific bacterial
or viral pathogens would provide clinicians with
important information to initiate appropriate drug
regimens that are tailored to each patient and reduce the
use of antibiotics when unnecessary. Additionally, the costs
associated with treating chronic (often biofilm) infections
(Nussbaum et al., 2018) and severe sepsis (Paoli et al., 2018)
are among the highest of all healthcare costs, so the
financial incentives to solving antibiotic failure go well
beyond the potential costs associated with developing
new treatment strategies.

Indeed, antibiotic failure is not an issue that will go away
simply by expanding our available chemical arsenal against
pathogenic microbes. Addressing antibiotic failure will require
an improved understanding of how microbes infect their hosts
and understanding the complexities of the immune response
when challenged with a pathogen. In addition, innovations in
therapeutics and diagnostics that address fundamental processes
related to antibiotic failure, beyond AMR, are required to reduce
the incidence of antibiotic failure and provide clinicians with a
full arsenal of tools to treat infectious diseases.
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