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The history of antimicrobial
resistance and the important role
diagnostics plays to combat it

By Chris Groke, PharmD, BCPS, BCIDP

resistance (AMR) with his famous quote in the late 1800s,
“Messieurs, c’estles microbes qui auront le dernier mot.”
(Gentlemen, it is the microbes who will have the last word.)”*
Later, penicillin was discovered on September 28, 1928,
by Alexander Fleming and approved for clinical use in 1941.
During his 1945 Nobel Lecture, Flemming warned of resistance
through the dangers of underdosing. “It is not difficult to
make microbes resistant to penicillin in the laboratory by
exposing them to concentrations not sufficient to kill them,
and the same thing has occasionally happened in the body.
The time may come when penicillin can be bought by anyone
in the shops.Then there is the danger that the ignorant man
may easily underdose himself and by exposing his microbes
to non-lethal quantities of the drug make them resistant.””
Throughout the next several decades, many classes of
antibiotics were developed.® (See Figure 1.) Interestingly,
resistance to Salvarsan™ (the first clinically used antibiotic
~1910) took approximately 20 years to emerge.>* Resistance
to sulfonamides and penicillin occurred much sooner [~12
years], as outlined in the timeline below.? Newer antibiot-
ics approved since 2010 are listed in Table 1 and consist of
combinations of current antibiotic classes or congeners of
existing molecules.
Early in my training as a clinical pharmacist interested in
infectious diseases, I can remember two specific examples of
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aggressive efforts by sales representatives to position an anti-
biotic as a preferred agent in the treatment of almost any type
of infection. Such outlandish claims provide a perfect example
of behaviors and perceptions within healthcare practice that
contribute to the inappropriate use and overprescribing of
antibiotics. These situations included a sales representative
stating, “If you don’t know the bug, my new 3™ generation
cephalosporin is the drug.”

At this time in the early 1990s, the sales representative
knew that it could take at least 48-72 hours to get a blood
or other culture result to begin to show sufficient pathogen
growth to cross the threshold needed for identification and
susceptibility testing (ID/AST).The sales representatives were
likely trying to capitalize on the use of empiric broad-spectrum
therapy to cover a wide variety of bacterial pathogens until

Launched Antibiotic Class

2011 ¢ Fidoxamicin e Macrolide
- ¢ Diaryquinalone
2012 Bedaquiline (Anti-mycobacterial)
. ¢ Cephalosporin/ beta-
. Bgflgo#;z:ize/tazobactam lactamase inhibitor
e Finafloxacin * Nitroimidazole
2014 . Paz_ulfloxacinmesylate : E:ﬂ;ggﬂ:ﬂg:gg:
: ?:ji';;’"ndamle * Azole antifungal
¢ Oxazolidinone
o Ceftazidime/avibactam | » Cephalosporin/ class A
2015 ¢ Isavuconazole beta-lactamase inhibitor
e Zabofloxacin ¢ Triazole antifungal
hydrochloride ¢ Fluroquinolone
2016 ¢ Nemonoxacin ¢ Fluroquinolone
* Delafloxacin meglumine | ¢ Fluroquinolone
2017 e Meropenem/ * Carbapenem/ beta-
vaborbactam lactamase inhibitor
¢ 0Ozenoxacin ¢ Fluroquinolone
¢ Eravacycline e Tetracycline
2018 ¢ Omadacycline e Tetracycline
¢ Plazimicin ¢ Aminoglycoside
* Alalevonadifloxacin ¢ Fluroquinolone pro-drug
mesylate of levonadiafloxacin
* Cefiderocol ¢ Cephalosporin
¢ Imipenem/cilistatin/ e Carbapenem/ beta-
relebactam lactamase inhibitor
2019 ¢ Lascufloxacin ¢ Fluroquinolone
hydrochloride e Pleuromutilin
e Lefamulin ¢ Fluroquinolone
¢ Nadofloxacin ¢ Nitroimidazooaz-
¢ Pretomanid ines class of
e Sarecycline antimycobacterials
hydrochloride * Tetracycline
¢ Oxazolidinone
2021 ¢ Contezolid ¢ Antifungal: First-in-class
* |brexafungerp triterpenoid Glucan
Synthase inhibitor
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ID/AST results became available, which
could influence the use of their product.

In another memorable situation, I had
a sales representative say to me“Don’t
forget about my broad-spectrum fluoro-
quinolone for cold and flu season!”When
I asked this salesperson if they realized
they were potentially making an off-label
claim that an antibiotic class prescription
was not indicated for viral infections, he
seemed offended.

These examples, while they initially
may seem humorous, serve as strong
representative examples of the inap-
propriate use of antimicrobial therapy.

As awareness and concern for anti-
biotic use grew, several governmental
and professional organizations began
raising awareness over the concern for
the rising rates of resistant pathogens.
These organizations leveraged the Presi-
dent’s Council of Advisors on Science
and Technology (PCAST) to educate
and enlighten government officials on
antimicrobial resistance.’

In 2007 the Infectious Diseases Society
of America (IDSA) published guidelines
on developing institutional programs to
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Figure 1. Timeline showing the decade new classes of antibiotic reached the clinic. The
antibiotics are coloured per their source: green = actinomycetes, blue = other bacteria, purple
= fungi and orange = synthetic. At the bottom of the timeline are key dates relating to antibiotic
discovery and antimicrobial resistance, including the first reports of drug resistant strains
methicillin-resistant S. aureus (MRSA), vancomycin-resistant enterococci (VRE), vancomycin-
resistant S. aureus (VRSA) and plasmid-borne colistin resistance in Enterobacteriacee.

enhance the adoption of antimicrobial

stewardship practices.® Their goal was to establish realistic
guidelines for antibiotic use, due to the rising rates of an-
timicrobial resistance and a shrinking pipeline of de novo
antibiotic approvals.

In 2013, the Centers for Disease Control and Prevention
(CDC) published a report to raise awareness and establish
priorities concerning resistant pathogens entitled Antibiotic
Resistance Threats in the United States.” This report set off
a series of government actions in the fight against AMR
(see Figure 2).

In 2014, PCAST reported on combating antibiotic resistance
to the President. An outcome of the PCAST report was the
agreed goal to develop a working group of experts in antibi-
otic resistance in both human and veterinary sectors and to
develop recommendations for the U.S. government to take
actionable steps to curb the growing problem of AMR.

A Presidential executive order (13676: “Combating
Antibiotic-Resistant Bacteria) was issued that accompanied
the PCAST report in September 2014.° The executive order set
off a chain of initiatives, such as developing the Presidential
Adpvisory Council on Combating Antibiotic-Resistant Bacteria
(PACCARB), to forge ahead in the fight against antimicrobial
resistance (Figure 2).

In 2016, the IDSA and SHEA societies published guideline
updates detailing how to effectively implement an antimicro-
bial stewardship program.’’ By the end of 2017, the Centers
for Medicare & Medicaid Services (CMS) was to have federal
regulations requiring the development and implementation
of“robust antibiotic stewardship programs”in hospitals, criti-
cal access hospitals, and long-term care, and nursing home
facilities. Outpatient antibiotic use is stated to account for
~80% of antibiotic use," thus it was essential for outpatient
antibiotic stewardship programs to soon follow suit as well.

In 2022, a systematic analysis was published entitled
“The Global Burden of Bacterial Antimicrobial Resistance

in 2019.”2This publication provided the first global estimates
of the burden of bacterial AMR and the most comprehensive
estimates to date. The systematic review included a broad
range of pathogens and pathogen-drug combinations. The
findings estimated that 4.95 million deaths were associated
with bacterial AMR, which included 1.27 million deaths
attributable to bacterial AMR.” Estimations of deaths and
disability-adjusted life-years were determined for 23 patho-
gens, 88 pathogen-drug combinations, and included 204
countries and territories.

Three infectious syndromes accounted for 79% of global
AMR-associated deaths: lower respiratory tract infections
(LRTI), bloodstream infections (BSI), and intra-abdominal
infections (IAAI). Six pathogens accounted for 72% of Global
AMR-associated deaths: E. coli, S. aureus, K. pneumoniae, S.
pneumoniae, A. baumannii, and P. aeruginosa. Resistance to

Sept. 2013: CDC report: Antibiotic Resistance Threats in the
United States, 2013

Sept. 2014: Executive Order Combating Antibiotic-Resistant
Bacteria, National Strategy to Combat Antibiotic-Resistant
Bacteria, PCAST Report on Combating Antimicrobial
Resistantance

March 2015: National Action Plan for Combating Antibiotic-
Resistant Bacteria

June 2015: White House Forum on Antibiotic Stewardship

June 2016: CDC awards $26 million to Academic Medical Centers
as Prevention Epicenters Program

July 2016: CDC provides $67 million to health departments through
CDC'’s Epidemiology and Laboratory Capacity for Infectious
Diseases Cooperative Agreement (ELC)

Oct. 2016: CDC awards $14 million to fund new approaches to
combat antibiotic resistance to support activities

Figure 2. Timeline of U.S. federal engagement in antimicrobial resistance.
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beta-lactams and fluoroquinolones accounted for greater than
70% of Global AMR-associated death.” Seven pathogen-drug
related combinations account for >50,000 deaths, including
Methicillin-resistant S. aureus (MRSA) [>100,000 deaths],
multi-drug resistant (MDR) M. tuberculosis, 3¢ generation
cephalosporin-resistant E. coli, carbapenem-resistant A. bau-
mannii, fluroquinolone-resistant E. coli, carbapenem-resistant
K. pneumoniae, and 3™ generation cephalosporin-resistant K.
pneumoniae.
The top three global infectious disease threats in 2019
were AMR, (1.27M), malaria (696K), and HIV/AIDS (690K).?
Antimicrobial resistance was noted as the highest-burden in
low-resource settings. Several goals were identified to combat
rising AMR rates moving forward:
¢ Infection prevention and control to avoid the spread of
AMR
® Vaccinations to reduce the need for antibiotics
e Improve access to essential antibiotics where needed
* Reduce exposure to antibiotics unrelated to human
disease: One Health
e Optimize the use of antibiotics (antibiotic stewardship)
guided by diagnostics (“building infrastructure that al-
lows clinicians to diagnose infection accurately and rapidly
is crucial”)

® Maintain investment in the development of a pipeline
for new antibiotics

e Integrate fighting AMR as a priority in national strate-
gies

* Increase microbiological laboratory and data collection
capacity to improve data collection and understanding
the threat of AMR

Several key points identified in the Global Burden of Bacte-
rial Antimicrobial Resistance in 2019 follow a common theme
expressed by Alain Mérieux in 2017: “Without diagnostics,
medicine is blind.”"

The evolution of microbial testing has evolved over
centuries and is currently advancing rapidly with automa-
tion, computerization, and nanotechnology. The first major
discovery in microbiology was made in 1674 by Anthony
van Leeuwenhoek when he peered through a drop of lake
water through a glass magnifying lens he carefully ground.™
Although his lenses only magnified up to 300-fold, he was
able to describe the three major shapes of bacteria: the cocci,

bacilli, and spirilla. Robert Koch is credited for developing the
pure culture techniques we use today. In the late 1870s, Koch
realized that the isolation of pure cultures would be simpli-
fied on a solid medium on which a single isolated cell could
multiply in a defined area. Koch’s laboratory also developed
the Petri dish and using agar.™

Conventional blood culture processes and systems re-
mained in place until the late 1960s when automated systems
were introduced.” Critical factors and recommended guide-
lines for optimal recovery of pathogens in blood were defined
and established during the latter part of the 20" century and
helped to develop best practices for the collection, process-
ing, and interpretation of blood cultures. Examples of such
critical factors and guidelines include but are not limited
to, adequate skin disinfection, volume of blood collected,
number and timing of blood cultures, blood culture bottles/
media types, and duration of incubation and testing.’* With the
establishment of critical factors came the need for better tech-
nology to process, monitor, and report on cultures and their
results. Continuous blood culture monitoring systems were
introduced and led to increased capacity of culture bottles,
less manipulation, and earlier reporting of test results.”” The
first automated blood culture systems were introduced in the
early 1970s. With newer and faster technologies, the isolated
rank order of recovery was also determined, which helped
to provide input on automated testing development.”” DNA
sequencing was developed in the late 1970s followed a decade
later by the polymerase chain reaction (PCR) technology.”
These technologies are referred to as nucleic acid amplification
tests (NAATSs).”” PCR testing has evolved to include multiplex
PCR (including and detecting multiple pathogens on a panel
at once) and can provide results in about one hour.’

Applying automated diagnostic results to active antimi-
crobial stewardship has been shown to improve targeted
antimicrobial therapy, improve patient care, and reduce
antibiotic and length of stay costs (Figure 3)." Integration
of antimicrobial and diagnostic stewardship programs has
also been an important step in the fight against AMR.? Re-
cently, a more robust multiplex PCR system was launched. It
is FDA-approved and CLIA-waived with a smaller footprint
and faster results turn-around time of about 15 minutes.”

The major advancements and improvements in molecular
biology that were transitionally incorporated into sequencing

72

‘Timeline, hours (h) 0 12 24 36 48 60
::: : tlrg_:n A 4 -
:!: E[f4l;1)Ult|plex PCR iA %7 -

: ' o
e WA | ¥ -

[ Actiicrobial hi = o ro5CR hi

. Organism identification - Phenotypic antimicrobial susceptibility report v De-escalation

A Escalation

Figure 3. Comparison of time to organism identification, availability of phenotypic antimicrobial susceptibility results, and first appropriate modification
of antimicrobial therapy for the subset of study subjects with organisms represented on the rapid multiplex polymerase chain reaction (rmPCR) panel
(n=481). Time 0 is when the positive Gram stain result was reported. Median time in hours (interquartile range [IQ]) to organism identification: control
22.3(17-28), both rmPCR and rmPCR + stewardship 1.3 (0.9-1.6); de-escalation: control 39 (19-56), rmPCR 36 (22-61), rmPCR + stewardship 20 (6-36);
escalation: control 18 (2-63), rmPCR 4 (1.5-24), rmPCR + stewardship 4 (1.8 9). *P<.05 vs control; *P<.05 vs control and rmPCR groups.
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technologies led to the second and third sequencing meth-
odologies, commonly termed next-generation sequencing
(NGS)." The advantages of NGS compared with traditional
sequencing methods include higher throughput (including
multiplexing), higher sensitivity in detecting low-frequency
variants, faster turnaround time for high sample volumes,
and lower cost.”? Although NGS is not without limitations, it
serves as a dramatic improvement in evaluating rare diseases,
pathogen identification and antibiotic resistance profiles, and
disease outbreak tracking in clinical settings (e.g., EbolaVirus,
Malaria, and SARS-CoV-2).

Bacteriophage (phage) therapy has gained resurgent inter-
est in recent years due to the lack of therapeutic options for
patients unresponsive to conventional antimicrobials because
of antimicrobial resistance.”® Phage therapy is considered
compassionate, salvage therapy for patients with resistant
pathogens from chronic/ recurrent infections such as urinary
tract, respiratory, and skin/soft tissue infections. Other situa-
tions are implantable devices and joint replacements. Phage
therapy is not FDA-approved and there is a need for more
homogeneous randomized controlled trials to establish its
place in patient care.”

Vaccines are a major achievement in medicine, but the
development of more effective vaccines against infectious
diseases is essential for the prevention and control of emerging
pathogens worldide.* Traditional vaccines, typically inacti-
vated pathogens, have shown great success in the prevention
or eradication of more than 30 infectious diseases.”

Additionally, mRNA vaccines have emerged as a revolution
in vaccine fields due to their simplicity and adaptability in

a

antigen design, the potential to induce both humoral and
cell-mediated immune responses, and the high efficiency, and
rapid, low-cost production in using similar manufacturing
platforms for different mRNA vaccines. Recent research in
infectious disease includes emerging or reemerging infectious
pathogens (e.g., HIV, respiratory syncytial virus, influenza,
streptococcus, etc.). Cancer vaccine
research is in phase I/II clinical trials
(e.g., colorectal, glioblastoma, ovarian,
prostate, etc.).”

In conclusion, with rising rates of
AMR and a lack of de novo antibiotics,
maximizing our diagnostic capabilities is
critical to use rapid and targeted therapy,
in addition to phage and vaccine thera-
pies to optimize patient care. 8
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