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In the mid-1990s I  noted that my abili-
ty to treat certain infectious diseases had 
eroded from a decade earlier, when I was 
in training. Infectious diseases was the 
only subspecialty where treatment op-
tions could disappear as drugs lost effica-
cy due to microbial resistance. Whereas 
cimetidine, propranolol, and countless 
other drugs were as effective then, and 
now, as on the day they were introduced, 
penicillin was less valuable in 1996 than 
in 1986, when it was still effective for 
the treatment of pneumococcal pneu-
monia. Infectious diseases had already 
acquired the distinction of routinely 
dealing with new diseases, such as Lyme 
disease and AIDS. Furthermore, old dis-
eases reemerged, often with drug-resist-
ant microbes. The specialty also had to 
deal with changing hosts. By the late 20th 
century, the combination of the human 
immunodeficiency virus (HIV) epidem-
ic and medical progress had produced 
an epidemic of immunocompromised 
hosts, susceptible to so-called oppor-
tunistic diseases, in whom antimicrobial 
therapy was often less effective. The com-
bination of reduced drug efficacy due to 
resistance, emergence of new diseases 

and reemergence of old diseases, and the 
proliferation of immunosuppressed hosts 
heralded a crisis.

With a sense of angst I  wrote “Crisis 
in Infectious Disease,” which was pub-
lished in this journal in 1996 [1]. A cen-
tral argument in that essay was that many 
of the problems facing the field were an 
unforeseen consequence of the antibiotic 
miracle, which had produced effective, 
low-toxicity broad-spectrum antimicro-
bial therapy [1]. This in turn had created 
a culture of empiricism that hobbled the 
development of diagnostics and fostered 
resistance through effects on bystander 
organisms. That article recounted how 
antimicrobial therapy had evolved from 
high specificity prior to 1940 when both 
serum therapy and the few drugs availa-
ble were pathogen-specific to a situation 
epitomized by the introduction of imi-
penem, which was active against almost 
all pathogenic bacteria when introduced 
in 1985. “Crisis” also argued for the 
need to reintroduce immunotherapies in 
response to the problems of increasing 
drug resistance and as a means to restore 
immunity in immunocompromised indi-
viduals [1].

The reaction to the article was tepid. 
Colleagues wrote that there was no cri-
sis, and many expected a new wave of 
antimicrobial drugs to rescue the situa-
tion. The mid-1990s were heady days for 
the field, which just had witnessed the 
introduction of effective antiretroviral 
therapy, a development that transformed 
the prognosis of patients with AIDS. 
Furthermore, in the area of antifungal 

therapy, the 1990s saw the development 
of new azoles, echinocandins, and lipid 
formulations of amphotericin B, which 
greatly improved the therapeutic options 
for mycotic diseases. At the time there 
was the feeling that if modern medicine 
could take on the complexity of a retro-
viral disease such as AIDS, and trans-
form its prognosis from certain death to 
a chronic disease, then it could certainly 
address antimicrobial therapy, an old 
problem that had been solved decades 
earlier.

THE AGES OF ANTIMICROBIAL 
THERAPY

The first age of antimicrobial therapy 
begins in the 1890s with serum ther-
apy, which involved administration of 
immune serum to treat infectious dis-
eases [2, 3]. With the development of 
sulfonamides and β-lactams, the use of 
serum therapy came to an end because 
it could not compete with antimicrobial 
drugs in regard to cost and ease of use. 
Effective use of pathogen-specific sera 
required making a microbial diagnosis 
prior to use, whereas antimicrobial drugs 
could be used without a specific diagno-
sis. This greatly simplified therapy but, as 
described below, it also fostered a culture 
of empiricism that was to have tremen-
dous consequences for the development 
and economics of future antimicrobial 
therapy. This second age is still with us as 
small-molecule antimicrobial therapeu-
tics remain first-line therapies for most 
microbial diseases, albeit with reduced 
overall efficacy due to the emergence 
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of resistance. In the late 20th century, 
advancements in immunology such as the 
development of monoclonal antibodies 
(mAbs) promised a third age defined by 
the introduction of immunomodulatory 
drugs into clinical practice [4], but this 
age was never fully realized. Microbial 
diseases occur when the host–microbe 
interaction results in sufficient host dam-
age to impair homeostasis and result in 
symptoms (Figure  1) [5]. Host damage 
can come from the microbe, the host, 
or both. There are 2 major therapeutic 

approaches to microbial diseases: kill the 
microbe directly, as is done by antimicro-
bial drugs, or affect immunity to clear the 
infection and reduce damage. Currently 
the field is largely focused on killing 
the microbe, which reduces damage by 
reducing microbial burden (y-axis) and 
largely ignores the therapeutic opportu-
nities available in modifying immunity 
(x-axis). Viewed through the prism of 
the “damage-response framework” of 
microbial pathogenesis [5], the shift from 
serum to antimicrobial drugs effectively 

meant that the infectious disease field 
shifted its focus from the x- to the y-axis.

THE DEVELOPMENT OF 
A CULTURE OF EMPIRICISM

The fact that broad-spectrum antimi-
crobial drugs could be used effectively 
without having to make a specific diag-
nosis prior to therapy was advantageous 
to individual patients who benefited from 
earlier and effective therapies. However, 
this also fostered a neglect on new diag-
nostics. For example, by the early 1930s 
a diagnosis of pneumococcal pneumo-
nia and isolate typing could be made 
in <6 hours by inoculating sputum into 
the peritoneum of mice and analyzing 
the exudate [5]. However, by the end of 
the 20th century a definitive diagnosis 
of pneumococcal pneumonia required 
2  days and was made only if the isolate 
was recovered in blood cultures. Lack of 
rapid diagnostics in turn hindered any 
attempt to develop pathogen-specific 
therapy, such as antibody-based ther-
apies, once mAb technology became 
available in the mid-1970s (see below). 
The widespread use of nonspecific ther-
apy selected for resistance in nontargeted 
microbes and put pressure for the devel-
opment of ever-broader classes of drugs. 
By the time I  trained in the 1980s, the 
approach to the patient with a suspected 
infectious disease required a series of 
probability calculations, each with a sig-
nificant error. For example, in assessing a 
febrile hospitalized patient, the physician 
would have to calculate the odds that the 
fever was originating from a microbial 
disease, the likely causative microorgan-
ism(s), and the antimicrobial susceptibil-
ity of likely culprits and then match those 
probabilities to the activity spectrum of 
available drugs leading to the selection of 
the narrowest possible regimen that cov-
ered all the bases. This Monte Carlo–like 
approach carried the inherent contradic-
tion that the best empiric therapy would 
be that which would cover all likely 
pathogens using the narrowest regimen 
as possible. Thus emerged a culture of 
empiricism that persists to this day.

Figure 1.  Therapy against infectious diseases as viewed through the prism of the “damage response frame-
work” of microbial pathogenesis [5]. A, The basic relationship between a host and a pathogenic microbe is posited 
to be a parabolic function where damage is a function of the host response. Disease occurs when sufficient 
damage is accrued from a host–microbe interaction to affect homeostasis, which manifests as clinical symptoms. 
Disease can occur in settings of both inappropriately weak and exuberant immune responses. B, The administra-
tion of antimicrobial drugs meditates a therapeutic effect primarily by reducing microbial burden, which in turn 
reduces damage, and cure results when the damage is reduced beyond that which affects homeostasis. C, The 
administration of immunotherapy mediates a therapeutic effect by shifting the position of the immune response to 
a point where it can reduce damage through reducing the inoculum and/or reducing tissue-damaging inflammatory 
response. Serum therapy contained antibodies that served both functions through their effects on complement 
activation, phagocytosis, and regulation of the inflammatory response. Hence, from the viewpoint of the dam-
age-response framework, the shift from serum therapy to antimicrobial drugs was a shift from x- to the y-axis as 
the mode to control infectious diseases. Today the field of infectious diseases is focused primarily on the y-axis 
and there are very few immunotherapies available for microbial diseases.
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FIVE SIMULTANEOUS STORMS 
CREATE A CRISIS

The crisis in infectious diseases emerged 
from a confluence of 5 developments:

1.	Widespread antimicrobial drug resist-
ance: The pharmaceutical industry 
consistently developed new drugs 
from 1950 to 1985, thus maintaining 
a therapeutic edge despite increasing 
drug resistance. However, by the late 
1980s, resistance was increasing much 
faster than new drugs were developed.

2.	Increases in number of hosts with 
impaired immunity: Beginning in the 
1950s, advances in medicine led to  
the development of corticosteroids 
and the first effective antineoplastic 
therapies, which came with the price 
of impaired immunity. Later, organ 
transplantation became routine and 
HIV infection became a worldwide 
epidemic, providing new types of 
impaired hosts. These individuals were 
susceptible to infectious diseases rarely 
seen in immunocompetent hosts and 
therapy was significantly less effective, 
which combined with a greater micro-
bial burden, increasing the likelihood 
of emergence of resistance.

3.	Emergence of new pathogenic 
microbes: The field of infectious dis-
eases has confronted a steady parade of 
new pathogenic microbes [6], with at 
least 335 emergent infectious diseases 
documented between 1940 and 2006, 
of which most were zoonosis [7]. The 
emergence of each new infectious dis-
ease creates new challenges that must 
be confronted with research and clini-
cal efforts, which in turn divert scarce 
resources from existing problems. For 
many of these emergent infectious dis-
eases, there was no effective therapy, at 
least initially.

4.	Reemergence of older pathogenic 
microbes: The field has also routinely 
confronted the return of old patho-
genic microbes, which often reemerge 
accompanied by drug resistance. 
Recent years have seen reemergence 
of tuberculosis, syphilis, and gonor-
rhea, as well as occasional outbreaks 
of vaccine-preventable disease such as 
measles and pertussis, in individuals 

who eschew vaccination. The reemer-
gence of old pathogens diverts 
scarce resources away from existing 
problems.

5.	A drought on antimicrobial drug 
development: An influential study 
published in 2004 noted that only 6 of 
506 drugs then in development were 
antimicrobial drugs [8]. Given the long 
lag times involved in drug discovery, it 
was clear by the early 2000s that med-
icine could not expect a new boun-
ty of antimicrobial drugs to replace 
those being rendered less effective by 
increasing drug resistance.

IMMUNOTHERAPY: THE 
REVOLUTION THAT DID 
NOT HAPPEN

In recent decades, dozens of mAbs have 
been developed for treatment of cancer, 
inflammatory diseases, asthma, etc, and 
>30 are now approved [9]. However, 
only 3, palivizumab (respiratory syncy-
tial virus prophylaxis), obiltoxaximab 
(inhalational anthrax therapy), and bez-
lotoxumab (prevention of recurrence of 
Clostridium difficile colitis) are approved 
for infectious diseases. Considering that 
antibody-based therapies have estab-
lished efficacy against many infectious 
diseases and that there is great need for 
new therapeutic options, the paucity of 
mAbs for microbial diseases is perplex-
ing. However, this scarcity is rooted in 
some of the fundamental problems that 
have plagued the field, which have cre-
ated conditions that do not operate in 
oncology or rheumatology where mAb 
therapies have blossomed. Antibody-
based therapeutics work best when 
administered early in infection and thus 
require the availability of early diagnos-
tics, which are not available for many 
infectious diseases. In addition, the 
antigenic complexity of many microbes 
would require the creation of polyclonal 
reagents in the form of cocktails, which 
introduce significant expense and regu-
latory hurdles. Finally, there are already 
antimicrobial drugs available for most 
infectious diseases, which creates great 

challenges for the design of clinical tri-
als, as such reagents much compete with 
established therapy, which is often much 
cheaper. In contrast, mAbs in non–infec-
tious disease therapies are tested in an 
environment where available therapies 
are highly toxic and/or unsatisfactory 
and, by targeting host antigens, do not 
face the problems of antigenic diversity. 
Hence, the mAb revolution has largely 
bypassed the treatment of infectious 
diseases because efforts to develop anti-
body therapies have been hobbled by a 
lack of diagnostics, microbial antigenic 
complexity, higher costs, competition 
from existing drugs, and the difficul-
ties involved in designing clinical trials 
that take into account these issues in 
combination.

THE DYSBIOTIC HOST AND ITS 
CONSEQUENCES

Antibiotic-associated colitis, thrush, 
and vaginal candidiasis are well-known 
complications of antimicrobial ther-
apy. These complications have histor-
ically been considered manageable 
given the potential life-saving effects 
of nonspecific antimicrobial therapy. 
However, this benign view of microbi-
ome disruption is being challenged by 
modern studies, which have raised the 
possibility that the widespread use of 
nonspecific antimicrobial therapy has 
caused dysbiosis in human populations, 
which is manifesting itself through an 
increased frequency of other diseases 
not usually attributed to microbes 
(Table  1). These associations must be 
viewed with the critical caveat that 
causation has yet to be established for 
any of these relationships. The problem 
of dysbiosis is potentially an existen-
tial challenge to the use of nonspecific 
antimicrobial therapy, for if a causal 
association is made between nonspe-
cific antimicrobial therapy and a major 
chronic disease, it would have a major 
effect on how these drugs are used, as 
society is unlikely to tolerate such side 
effects, especially in children.
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UNDERDEVELOPMENT OF 
INFECTIOUS DISEASES

The combination of effective and non-
toxic broad-spectrum therapy meant 
that most physicians felt comfortable 
treating infectious diseases without con-
sulting a specialist. In 1978, Petersdorf 
questioned the need for more specialists 
in the United States, stating, “Even with 
my great personal loyalty to infectious dis-
eases, I cannot conceive a need for another 
309 infectious disease experts unless they 
spend the time culturing each other” [10]. 
In 1980, Beeson analyzed the economics 
of subspecialty disciplines and noted the 
difficulties facing infectious diseases, stat-
ing that “the availability of antimicrobial 
therapy allows most doctors to treat most 
infections without asking for help” [11]. By 
the 1980s a sense of decline and unimpor-
tance was evident in articles with such titles 
as “The bell tolls for the infectious disease 
clinician” [12] and “Wither infectious dis-
eases: memories, manpower and money” 
[13]. Although these analyses could not 
have anticipated the calamity of HIV or 
widespread antimicrobial resistance, they 
identified some structural problems in the 
field that persist today. Infectious disease 
specialists remain among the lowest-paid 
specialists and fellowship programs have 
struggled to fill their rosters with new 
trainees [14]. Unlike other specialties, no 
unique procedure was associated with the 
specialty, and in the United States it never 
controlled microbiology laboratories. 

Furthermore, it did not use its exper-
tise to command an important position 
in the information and decision flows in 
medicine. Hence, the magisterial domain 
of infectious disease specialists became 
largely limited to providing intellectual 
input in the form of consultations, while 
other specialties developed expanded by 
developing procedures and controlling 
the generation and flow of information in 
their domains. Despite these headwinds, 
the discipline has continued to attract 
highly dedicated physicians who have 
made tremendous progress against HIV 
and hepatitis C infections, eradicated sev-
eral diseases, and routinely confront new 
infectious diseases, antimicrobial resist-
ance, and the challenges posed by immu-
nocompromised hosts.

ONCOLOGY PROVIDES 
A CONTROL

Contrast the situation in infectious dis-
eases with oncology, which is the other 
medical specialty that routinely uses 
antibiotics such as adriamycin in therapy. 
Antibiotics with antitumor activity are 
notoriously toxic and their use became 
highly specialized, such that nonspecial-
ists would always defer to specialists and 
thus the specialty of oncology maintained 
its prominence in cancer therapeutics. 
The low therapeutic index of antineoplas-
tic antibiotics created the need for precise 
diagnosis in oncology prior to therapy, 
and oncology avoided the culture of 
empiricism that took hold in infectious 
diseases. The difficulties in treating can-
cer fostered a continuous commitment 
to basic and clinical research that today 
is paying off with numerous antineoplas-
tic agents including immunotherapies, 
which is in sharp contrast to the dearth 
of new antimicrobial drugs. Although 
biological differences in infectious and 
neoplastic diseases undoubtedly contrib-
uted to how the infectious disease and 
oncology specialties differ, it is intrigu-
ing to consider how their development 
would have differed if antimicrobial and 
antineoplastic antibiotics had been more 
and less toxic, respectively.

THE RECOGNITION OF CRISIS

By the turn of the 21st century, the word 
“crisis” began to be commonly used in 
publications relating to the field of infec-
tious diseases [15, 16, 17]. The Infectious 
Diseases Society of America (IDSA) and 
international societies mobilized to bring 
attention to the emerging antibiotic prob-
lem, which in the United States included 
attempts to promote legislative solutions 
to improve antibiotic use and develop-
ment [15, 16, 17]. Significant progress 
was made in the development of several 
drugs for gram-positive pathogenic bac-
teria. Despite some successes, the paucity 
of new antimicrobial drugs is embedded 
into a larger problem of inefficient drug 
discovery, whereas fewer drugs are being 
brought to market despite great expendi-
tures in research and development   
[18-20]. By 2016 the United Nations had 
taken notice and convened a meeting on 
the topic of antimicrobial resistance [21], 
only the fourth time a health-related topic 
had been a specific focus of a resolution.

A WAY FORWARD

We cannot expect a quick resolution to 
the crisis that would bring us back to the 
1950s, when Jawetz stated that “the posi-
tion of antimicrobial agents in medical 
therapy is highly satisfactory” and added 
that the “majority of bacterial infections 
can be cured simply, effectively, and 
cheaply” [22]. Despite efforts to develop 
new antimicrobial agents, these are 
unlikely to address the problem of resist-
ance, as such types of drugs are neither 
in development nor anticipated [23, 24].

For the near horizon, the field must 
contend with a meager pipeline of new 
antimicrobial drugs, which means redou-
bling our efforts to preserve the drugs 
we have by optimizing therapies, learn-
ing how to best use old drugs, enhance 
antibiotic stewardship, and identify the 
best combinations that reduce emer-
gence of resistance and shortening 
therapeutic courses. These efforts must 
be coupled with outreach to educate 
the public, engagement of the political 

Table  1.  Associations Between Antimicrobial 
Drug Usage and Certain Noninfectious Diseases

Conditiona Referenceb

Asthma  [32, 33]

Atopy  [34]

Breast cancer  [35, 36]

Cancer (various)  [37]

Celiac disease  [38]

Colon cancer  [39]

Food allergy  [40]

Obesity  [41]

aThis is not a complete list of conditions associated with 
antimicrobial drug–inferred dysbiosis.
bThese are representative references; for many of these 
conditions there is an extensive literature.
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establishment to develop better poli-
cies for antibiotic use, and identify new 
business models that incentivize new 
antimicrobial drug development by the 
pharmaceutical industry [23]. Initiatives 
such as “Antibiotic Action” [25] involv-
ing alliances between international soci-
eties interested in infectious diseases 
and nonprofit organizations, as well as 
targeted education efforts [26], could be 
particularly important for informing the 
public and creating momentum to find 
solutions. Given the problems of resist-
ance and the specter of chronic diseases 
associated with dysbiosis, antimicrobial 
drug use is likely to encounter increasing 
restrictions in the future and may become 
the exclusive purview of the infectious 
disease specialist, a development that will 
dramatically increase the importance of 
the specialty.

For the far horizon, the field needs 
a strategic plan centered on a triad that 
involves development of pathogen-spe-
cific drugs, improved diagnostics, and 
immunotherapy. Although nonspecific 
therapy will always have a niche for the 
treatment of mixed infections, patho-
gen-specific drugs are likely to be suffi-
cient for the majority of cases and these 
would not affect nontargeted microbes, 
such as the indigenous microbiota. 
Pathogen-specific drugs would still be 
vulnerable to the emergence of resist-
ance, but at least they should not select 
for resistance in bystander microbial 
populations. Although there have been 
few true pathogen-specific drugs, the 
efficacy of some such as isoniazid means 
that these are potentially feasible. The use 
of pathogen-specific drugs would require 
development in diagnostics to provide 
rapid information, which would also 
improve medical care. It is noteworthy 
that tremendous advances are already 
being made in diagnostic science, which 
improve current antimicrobial use and 
create the necessary conditions for devel-
opment of pathogen-specific therapies. 
Furthermore, new economic models will 
have to be developed as the market of 
an antimicrobial drug is proportional to 

its spectrum and these drugs are not as 
attractive to industry [27]. In this regard, 
highly innovative solutions to the unfa-
vorable economics of antimicrobial drug 
development have been proposed [28], 
which could also promote the devel-
opment of pathogen-specific drugs. 
Microbial virulence remains an attrac-
tive target for drug discovery as it is less 
likely to select for resistance [29, 30], but 
this approach is usually pathogen-spe-
cific and faces the unfavorable econom-
ics of narrow specificity and requires 
rapid diagnostics. Finally, the field must 
embrace the x-axis and learn how to 
effect beneficial therapeutic outcomes 
by enhancing or diminishing immune 
responses (Figure 1).

The specialty of infectious diseases 
will always retain a critical importance 
in modern medicine given that its suc-
cess is essential for the success of other 
specialties, such as surgery. The specialty 
is likely to thrive in the 21st century, for 
the storms that led to the current crisis 
also create the opportunities to develop 
new and more effective approaches to 
the treatment of infectious diseases. Far 
and near horizon developments will lead 
to a rapid rise in the importance of the 
infectious disease consultant, since their 
integration would require expertise not 
available to the nonspecialist, which 
would usher in a renaissance in the field. 
In this regard, the complexity in caring 
for HIV-infected individuals provides 
another control where the complexity of 
dozens of antiretroviral drugs has led to a 
vibrant subspecialty within the infectious 
disease specialty. Complexity demands 
expertise, which nourishes the specialty.

The conditions that have led to the cri-
sis are so intertwined that that these can-
not be solved piecemeal. Furthermore, the 
problems are also international as patho-
genic microbes do not respect national 
borders. What is needed is a suprana-
tional entity with expertise in science, 
medicine politics, economics, industry, 
and sociology and sufficient staying 
power to chart a long-distance course. 
Precedents for successful international 

collaboration exist as evident in the suc-
cessful campaigns to eradicate smallpox, 
limit fluorocarbon emissions that dam-
aged the ozone layer, and save threatened 
species. In this regard, the recognition 
of the antimicrobial resistance problem 
in 2016 by the United Nations is poten-
tially a landmark event, for it heralds 
international awareness of the problem 
[21]. Irrespective of future advances, the 
human struggle against infectious disease 
is likely to be eternal, for as long as there 
are human hosts and microbes, some 
of their interactions will result in dis-
ease [31]. Hence, humanity must create 
structures that are vigilant, resilient, and 
versatile that can adapt and respond to 
an ever-changing landscape in human–
microbial interactions.
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