
The antibiotic era, which is currently endangered by the increasing 
bacterial resistance to antibiotics, started in 1941 when penicillin 
was used for the first time to successfully treat a patient with an 
infection caused by  [1-3]. Shortly after, mul-
tiple new antibiotic agents, belonging to diverse new classes and 
acting on disparate bacterial targets, were developed and rapidly in-
troduced into the clinical arena for routine and widespread use [2,4]. 

The advent and use of antibiotics have revolutionized our 
ability to treat and cure bacterial infections and saved many mil-
lions of lives with a major decline in bacterial morbidity related 
to infections, complications, and disabilities [4,5]. Furthermore, 
the clinical availability of efficacious antibiotics undoubtedly 
had a tremendous impact on the whole practice of medicine, en-
abling the survival of patients with primary immune deficiency; 
the use intensive chemotherapy, biologic agents, and immune 
therapy to treat patients with malignancies; the performance of 
complicated operations and invasive procedures with a minimal 
risk of uncontrolled infections; the establishment of adult and 
pediatric intensive care units; and the conduct of bone marrow 
and solid organ transplantations [2,4,5]. Physicians of all spe-
cialties have relied on the effectiveness of antibiotics and could 
make progress in their special field [4]. 

The accelerated increase in antibiotic resistance, as bacteria 
have devised a plethora of resistance mechanisms, is alarming 
[1,3,5,6]. The main mechanisms include production of enzymes 
that degrade or modify antibiotic agents, changes in the cell 
wall that decrease antibiotic penetration, development of efflux 
pumps that take the antibiotics outside the cell, modification of 
the target site of the antibiotic agent and creation of alterna-
tive metabolic pathways to those influenced by antibiotics [1,5]. 
Resistance is spread rapidly among bacteria by diverse means 
of transferring resistance-encoding genes, using genetic recom-
bination and transferring of mobile genetic elements, such as 
transposons, plasmids, and integrons [5,6]. 

In the past, antibiotic resistance, particularly regarding 
multiply-resistant bacteria, was confined to hospital settings, 
especially to intensive care units and to patients with serious 
underlying health problems. Currently, community-acquired 
infections caused by resistant bacteria have become common, 
including penicillin-insensitive , 
methicillin-resistant , and Gram-negative 
bacteria that are resistant to multiple antibiotics [1,6]. 

The current antibiotic resistance of bacteria is associated 
with significant morbidity and mortality. A recent study by the 
Antimicrobial Resistance Collaborators performed a systematic 
analysis of the burden of antibiotic resistance in 204 countries. 
According to their statistical model, in 2019 they noted that 
4.95 million deaths were associated with antibiotic resistance 
of bacteria, of which 1.27 million were attributable deaths [1]. 
The burden was highest in low- and middle-income countries 
but was significant also in Western Europe and North Ameri-
ca. The six leading pathogens associated with resistance-related 
deaths were 

, . Lower respiratory tract 
infections caused by resistant bacteria was the most infectious 
syndrome-associated deaths [1]. In 2021 the World Health Or-
ganization declared that antimicrobial resistance was one of the 
top 10 global public health threats facing humanity [3]. The ma-
jor driver of the rampant bacterial resistance to antibiotics is its 
overuse [1,5]. 



Antibiotic exposure creates a selective pressure, which enables 
resistant strains of bacteria or resistant mutants to thrive and 
spread relatively easily. It should be remembered that in the hu-
man body there are ~1014 bacterial cells, 10 times more than 
human cells, as part of our normal microbiota. Antibiotic ad-
ministration kills many of the healthy and beneficial bacteria, 
causing microbial dysbiosis with its severe negative influences 
on human heath [5,7]. 

An important cause of antibiotic overuse in humans is the 
current inability of physicians to distinguish effectively between 
infections caused by bacteria and those caused by viruses [8]. 
For example, although most community-acquired pneumonia 
are of viral etiology, as we are unable to distinguish reliably 
between bacterial and viral pneumonia, antibiotic therapy is pre-
scribed for nearly all patients presenting with pneumonia [5,9]. 
The public perception of antibiotic therapy is also important. 
Antibiotic agents are often perceived by the public as magic 
bullets and are requested for every infection or a febrile episode 
[3,10]. A recent meta-analysis of public attitudes toward anti-
biotics in several countries documented that 27% of the public 
expect to receive antibiotics for viral infections and 28% plan 
to visit another physician if their doctor does not prescribe an-
tibiotics per their request [10]. It is estimated that there is about 
50% antibiotic overuse in clinical practice, namely antibiotics 
that are prescribed for non-bacterial diseases [8]. It should be 
emphasized that only ~50% of the antibiotics used are for hu-
mans. The other half is given in veterinary medicine, in fish-
ponds, and in agriculture as growth promotors [5,11]. The es-
calation in antibiotic resistance is undoubtedly driven mostly 
by the widespread administration of antibiotics in the last eight 
decades, in humans and non-humans.

One Health is a concept emphasizing that the health of people, 
the health of animals, and the shared environment in our planet 
are closely and multi-directionally related [12]. The consequenc-
es of antibiotic overuse on our planet are enormous. Antibiotic 
agents are found in sewage, especially of healthcare facilities 
and pharmaceutical companies. Antibiotics often remain active 
after sewage treatment, thereby reaching rivers, groundwater, 
drinking water, irrigation systems, lakes, sea water, animals, 
aquafarming, and soil. This runoff has induced selective pres-
sure, leading to resistant bacteria. In addition, antibiotic-resis-
tant bacteria spread from humans to animals or soil, and vice 
versa. These consequences are reflected in serious health issues 
such as increasing zoonotic diseases that are often caused by 
resistant bacteria as well as lapses in food safety and poisoning. 
This situation leads to vector-borne infections and increased en-
vironmental contamination by resistant bacteria [5,12,13]. 

Singh et al. [13] conducted a systematic review of antibiot-
ic resistance in the major rivers of the world. They found that 

many antibiotic agents, antibiotic-resistant bacteria, and genes 
encoding antibiotic resistance are found in most rivers and con-
cluded that wastewater effluents are a major source of antibi-
otic resistance dissemination [13]. With the understanding that 
the spread of antibiotic resistance is an emerging global threat, 
they urged improving methods of wastewater treatment to ef-
ficiently remove antibiotic agents [13]. Esiobu and colleagues 
[14] studied soil and water environments for the presence of 
bacteria resistant to commonly used antibiotics such as penicil-
lin, ampicillin, tetracycline, and vancomycin. They confirmed 
these resistant bacteria in the soil of a dairy farm, dairy farm 
animal manure, public park water canal, city lake by a hospital, 
residential lake water, and residential garden soil. Virulent and 
opportunistic bacteria were both detected.

As a result of the rampant increase in multiply-resistance bacte-
ria, some of the previously most effective antibiotic agents have 
become ineffective. Currently, in very limited settings, we have 
actually reverted to the pre-antibiotic era in which no antibiotic 
agent is available for the effective treatment of multiple-resis-
tant bacteria, such as carbapenem-resistant  
and pan-resistant  [1,6]. 

It seems that the end of the antibiotic era is a real possibility, 
based on several reasons [5].
•  Since 1941 there have been ~2.5 human generations, but 

> 50,000 bacterial generations. This period is momentous in 
terms of microbial evolution because it is long enough to 
render many bacteria as resistant to current antibiotic agents.

•  Extremely high levels of antibiotics are used by humans and in 
animal farms, agriculture, and aquaculture and cause selective 
pressure, which leads to a wide increase of resistant bacteria. 

•  Antibiotic agents taken by humans or animals do not affect 
only the culprit pathogens, but also kill the many healthy 
bacteria and the relevant microbiota, which leads to the pro-
liferation of resistant strains [7]. 

•  Worldwide, there are about 8 × 109 human beings but an es-
timated 1034 human bacteria. The yearly release of tons of 
antibiotics into the biosphere has led to profound deleterious 
consequences for microbial populations in our planet [12,14]. 

•  Currently there are very few antibiotic agents in the pipeline, 
with very limited options for new targets for the activity of 
antimicrobial agents. It is evident that the current increasing 
antibiotic resistance is outpacing the development of novel 
antibiotics [2,4,6].

To prevent the apocalyptic consequence of antibiotic overuse 
on our planet, several actions are suggested, few of which are 
novel, thinking outside the box [Table 1]. 
•  Immune prevention and therapy: As learned from past ex-

perience, efficacious vaccines against infectious diseases can 



and preventing the spread of resistant bacteria, especially in 
healthcare institutions. Stracy and colleagues [16] recently 
built machine-learning models that predict individual risks 
of gaining resistance to specific antibiotics using 8 years of 
recording of the microbiome profiles on > 200,000 patients. 
Public education is also crucial [10]. 

•  Improved diagnostic methods: Antibiotics are usually ini-
tiated in sick patients when a bacterial infection cannot be 
ruled out, leading to antibiotic overuse [8]. Rapid, highly 
sensitive, and specific diagnostic tests that will accurate-
ly identify the causative pathogens, for example multiplex 
polymerase chain reaction or sensitive antigen-based assays, 
will reduce antibiotic overuse. As in many infections, taking 
specimens for pathogen identification is not feasible (e.g., 
pneumonia, encephalitis, osteomyelitis), a novel approach 
utilizes the evolution of human response to infectious agents 
[17,18] to identify the human host signature that differenti-
ates bacterial from viral infections and aids in appropriate 
antibiotic use [8,9,19].

•  New antibiotics: Creative approaches are needed to discov-
er new classes of antibiotics with novel targets and mecha-
nisms. The genomic sequences of many bacterial pathogens 
have been determined. Hopefully, sophisticated bioinformatic 
analyses will lead to antibiotics with new bacterial targets and 
novel mechanisms of activity that will not be vulnerable to 
resistant mechanisms currently present in bacterial pathogens.

•  Non-antibiotic antimicrobial therapy: Considerable effort 
has been invested in developing and investigating additional 
antimicrobial products that are safe and effective, such as 
bacteriophages; low-concentration ethanol, agents that in-
hibit bacterial toxin production, biofilm formation, adher-
ence to mucosal surfaces, quorum sensing and translation 
interference; and even synthetic biology that engineered 
bacteria that sense and eradicate virulent 

 [4,5,20]. 

After eight decades of antibiotic overuse and misuse, it seems 
that we have reached a critical point in which our ability to 
effectively treat bacterial infections is indeed threatened with 
the golden age of antibiotics coming to an end [2,4-6,16]. It is 
hoped that the measures mentioned in this article will be imple-
mented and that the innovative approaches will soon make the 
transition from the research laboratory to the clinical arena to 
save our planet and human health. 

significantly reduce the prevalence of illnesses caused by a 
given pathogen, acting somewhat as anti-resistance vaccines. 
For example, the conjugate vaccine against 

 type b actually eliminated infections caused by 
this organism and reduced its colonization rates, thus ren-
dering its antibiotic resistance as nearly irrelevant. Targeted 
monoclonal antibodies and novel immunomodulators should 
be increasingly used to treat severe infections.

•  Judicious use of antibiotics: This idea can be defined as 
using antibiotics only when needed, with the most suitable 
antibiotic agent, with the right dose, at the right time, and 
for the appropriate duration following stewardship programs 
[3,5,15]. Surveillance and infection control measures are im-
portant to help in the use of the appropriate antibiotic agent 



Although they are important tools in immunotherapy, 
we still have an incomplete understanding of how T 
cells respond to antigens in different temporal and 
molecular contexts. Achar and colleagues combined 
robotic sampling of mouse and human T cell responses 
over time with machine learning and modeling to gain 
insights into how T cells process information derived from 
the particular antigens to which they are exposed. The 

information about the type of antigen encountered and 
distinguished six distinct cellular responses rather than 
the three types usually recognized. Such understanding is 

on altered and designed T cell responses.

Intestinal parasite infections or allergic reactions promote 

as one manifestation of type 2 immunity in the gut. Using 
organoid cultures of intestinal epithelial cells, Lindholmand 
co-authors

that influence epithelial differentiation. Although tuft cell 
IL-25 promoted the expansion of IL-13–producing type 2 
innate lymphoid cells in a feed forward loop, the resulting 
IL-13 also induced ligands of the bone morphogenetic 

on stem cells to prevent runaway tuft cell expansion by 

limiting the expression of Sox4, a transcription factor 

required for tuft cell differentiation. These findings provide 

new molecular insights into how intestinal epithelial 

differentiation is carefully choreographed in response to a 


