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The diverse responses of critically ill patients to infection with multi-drug resistant (MDR) bacteria are determined by many complex
factors. These include the nature of the immune response activated by specific organisms. Properties unique to each organism such as
adherence proteins, microvesicle formation, toxin production and the propensity to form biofilms are important factors in patho-
genesis. Equally important is the variability in the host immune response, whether due to genetic or iatrogenic factors, including the
presence of major comorbidities, treatment with immunomodulatory therapy and disruption of the microbiome. Future approaches
in treating infections caused by MDR bacteria will be heavily influenced by a precision medicine approach, with rapid diagnostic
techniques of both bacterial and host factors and high throughput screening of novel therapeutics becoming the mainstay of
treatment.
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Infections due to multidrug-resistant (MDR) bacteria are a
common complication for patients in the intensive care
unit (ICU), increasing morbidity and mortality rates, and
length of stay and imposing a significant cost to hospitaliza-
tion [1–3]. Reducing healthcare-associated infection such as
ventilator-associated pneumonia and catheter-related blood-
stream infection has become a major objective for hospital
regulatory organizations to improve patient outcome and re-
duce the financial burden [4–6]. Recent reports of isolates re-
sistant to all antibiotics highlight the urgency of ongoing
research to develop therapies and to prevent and treat thes in-
fections [7]. Novel and more efficient diagnostic tools are now
widely available to rapidly identify such MDR pathogens.
These advances have provided insights into the molecular ep-
idemiology of clusters of infection in ICUs and have helped
dissect the molecular features of the most highly successful
pathogens [8, 9].

There is increasing appreciation of the remarkable heteroge-
neity of the pathogens that infect ICU patients as well as funda-
mental differences in the quality of the hosts that they infect
[10]. This is best illustrated by the newly developed guidelines
for the management of sepsis and septic shock. It attempts to
take into account the impact of the profound immune dysregu-
lation that accompanies sepsis, as well as comorbid conditions
and immunosuppressive medications that affect the individual’s

unique clinical phenotype [11]. Substantial data document the
multiple factors that influence this host response to infection,
such as host genetics, alterations in the microbiome, and vari-
ous mechanisms of host immunosuppression [10, 12]. The mul-
tiple variables surrounding the key properties of both the host
and pathogen contribute to the difficulty in establishing and
validating diagnostic criteria and stratification of risk for criti-
cally ill patients, such as those with suspected ventilator-associ-
ated pneumonia [13, 14].

The articles in this supplement highlight many of the similar-
ities as well as the differences in the epidemiology and patho-
genesis of the most frequent MDR pathogens associated with
pneumonia and sepsis in the ICU setting. The impact of the
MDR gram-negative pathogens and limited availability of effec-
tive antimicrobial therapy are a growing concern worldwide [2,
8, 15]. However, antibiotic resistance does not completely ex-
plain the success of such pathogens, perhaps best exemplified
by the global spread of methicillin-resistant Staphylococcus au-
reus (MRSA), as discussed by Planet in this supplement [16].
Despite the availability of several antimicrobial agents with
good in vitro activity against MRSA, the associated morbidity
and mortality rates remain high, especially after influenza, as re-
cently documented [17–19]. The selection of organisms resis-
tant to antibiotics as well as to innate immune clearance
mechanisms contribute to the success of these healthcare-asso-
ciated infections. This may not necessarily impose a major bur-
den in bacterial fitness, as reviewed herein by Geisinger and
Isberg [20]. Understanding the nature of the host response elic-
ited by these organisms and how they differ may ultimately help
clinicians to use therapies targeting pathological immune
responses.
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BACTERIAL FACTORS

Pathogen-Specific Immune Signaling in the Airway
Critical care reports refer to “ventilator-associated pneumonias”
as a single entity, assuming common pathogenesis and a homo-
geneous host population. However, given the diversity of the
pathogens associated with this clinical entity and the nature
of the host responses elicited, optimal clinical management of
these infections may require a more personalized approach.
What unites these patients is a shared predilection for pneumo-
nia, namely, intubation, critical illness in and of itself, and the
complications of ICU care. The diagnosis alone does not predict
either the nature or quality of the host immune response or the
natural history of the infecting organisms, though many predic-
tive measures have tried [13]. Many ICU opportunists do share
common microbiological properties, such as a propensity to
form biofilms that thwart antimicrobial and phagocytic clear-
ance (Table 1). Strategies to prevent biofilm formation by
changing the material of foreign bodies, such as endotracheal
tubes, are an avid area of study [28, 29].

Some organisms, such as the small colony variants of S. au-
reus, adopt a low metabolic profile, replicating intracellularly at
a reduced rate but providing a nidus for recurrent and dissem-
inated infection [30]. Other pathogens may be associated with
exaggerated pathological proinflammatory signaling, often
achieved through activation of the inflammasome [31].Whereas
other organisms flourish as “stealth” pathogens, replicating to
high densities without stimulating a sufficient inflammatory re-
sponse to affect clearance, a problem compounded by their re-
sistance to multiple antimicrobial agents and host organ
dysfunction [32].Moreover, mixed populations of the same spe-
cies of bacteria with varying antimicrobial susceptibility and
replication rates heterogeneous phenotype may be selected
out during the course of infection [21].

MULTIPLE MECHANISMS OF PATHOGEN-HOST
ACTIVATION

The pathogenesis of most lower respiratory tract infections in
the ICU is through aspiration of upper airway flora, presumably
planktonic organisms released from biofilms associated with
endotracheal tubes or aspiration of the upper airway microbiota
after loss of airway reflexes [33, 34]. These organisms interact

with mucosal epithelial cells as well as immune cells recruited
into the airway. Most aspirated organisms wind up enmeshed
in mucins though direct attachment to epithelial surfaces is
not necessary to elicit proinflammatory signaling [35]. Some
opportunists, such as Klebsiella pneumoniae (fimbrial proteins)
[36] and S. aureus (fibronectin-binding protein) [37], express
adherence factors that contribute to their pathogenic properties.
Shed bacterial cell wall components, such as microvesicles, har-
bor multiple components and are readily released from intact
bacteria, associated with cytotoxicity and immune stimulation
[38]. Host cells take up these microvesicles, facilitating the acti-
vation of intracellular receptors such as those involved in initi-
ating inflammasome and interferon activation. Furthermore,
bacterial production of pathogen-associated molecular patterns,
such as lipopolysaccharide, enables stimulation of both superfi-
cial and cytoplasmic receptors to initiate host signaling.

Bacterial targeting of specific components of innate immuni-
ty has a major impact on the pathogenesis of infection with
complex and often redundant signaling pathways for immune
cellular recruitment. The induction of the types I and III inter-
ferons, which is mediated by bacterial ligation of intracellular
receptors in both epithelial and immune cells, is a major host
response to airway pathogens [39, 40], as discussed by Parker
in this supplement [41]. Moreover, the interferons regulate
the cytokine milieu of the airway, which influence the density
of pathogen colonization, and hence the relative risk of aspira-
tion of organisms such as MRSA [42]. Surveillance of the airway
contents by immune cells is also an important component of
airway defense. In their resting state, alveolar macrophages
have a predominantly anti-inflammatory phenotype to prevent
unnecessary inflammatory responses [43]. These cells can be
targeted by bacterial toxins, such as those produced by
MRSA, and destroyed by pyroptosis or necroptosis resulting
in excessive immune activation [44]. T cells in the airway are
also readily activated by bacterial components, in addition to
superantigens, contributing to the inflammatory damage stim-
ulated by a brisk host-response to infection [45]. Several lines of
evidence indicate that the redundancy of signaling pathways re-
sulting in proinflammatory gene expression, especially the gen-
eration of interleukin 1β, leads to impaired bacterial clearance
and airway damage in murine models of infection [46].

Table 1. Characteristics of Multidrug-Resistant Pathogens Commonly Isolated in the ICU

Organism Biofilms Clonal Diversity Carbapenemase Production Human Reservoir Source

Pseudomona aeruginosa Y +++ Y ++ Jorth et al [21]

Klebsiella pneumoniae Y ++ ++ ++ Gomez-Simmonds et al [22]; Chen et al [23]

Acinetobacter sp. Y UNK ++ Y Murray et al [24]

Enterobacter sp. Y ++++ ++ Y Gomez-Simmonds et al [25]; Girlich et al [26]

Staphylococcus aureus (MRSA) Y Y − ++ Uhlemann et al [27]

Abbreviations: −, none; +, low; ++, medium; +++, high; ++++, very high; ICU, intensive care unit; MRSA, methicillin resistant S. aureus; UNK, unknown; Y, yes.
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Pseudomonas aeruginosa Infections
Pseudomona aeruginosa is a common cause of severe ICU infec-
tions, reviewed in this volume by Oliver and colleagues [47]. It is
perhaps the best-studied airway pathogen, in part because of its
association with airway infection in cystic fibrosis and the con-
certed research effort to understand the pathogenesis of pulmo-
nary infection associated with CFTR mutations [48]. With its
large genome and tremendous metabolic flexibility, P. aerugino-
sa efficiently adapts to the human airway, scavenges iron
through its expression of siderophores to support growth, and
rapidly adapts to microenvironments throughout the lung, in-
cluding areas with low oxygenation [21]. Its production of pyo-
cyanin acts as an antioxidant for further protection against
phagocytic clearance [49]. These organisms express multiple
pathogen-associated molecular patterns, including flagella that
activate proinflammatory signaling through Toll-like receptor 5
[50] and the NLRC4 inflammasome [51, 52] and provide motil-
ity, a key factor in invasive infection. P. aeruginosa associated
with ICU pneumonias express the type 3 secreted toxins, in-
cluding ExoU, a patatin-like protease associated with tissue de-
struction [53]. Components of the type III secretion system also
contribute to inflammasome activation [54]. In addition to the
planktonic, flagellated P. aeruginosa associated with acute infec-
tion, mixed populations of these organisms exist in chronically
infected lungs. A dynamic equilibrium exists between the less
immunostimulatory mutants associated with biofilms and the
more virulent organisms that can be genotypically similar but
phenotypically different. In the setting of chronic airway infec-
tion in cystic fibrosis, substantiated by whole-genome sequenc-
ing, numerous clonally distinct isolates with different
antimicrobial susceptibility and phenotypes exist within differ-
ent areas of the lung [21], a scenario that is likely to occur in
selected ICU patients.

S. aureus Infections
Of all the ICU pathogens, S. aureus is the most common cause
of pneumonia and in some ways the best understood [4, 55]. In
contrast to the gram-negative pathogens, S. aureus is less genet-
ically heterogeneous, as detailed by Planet in this supplement
[16]. However, its repertoire of genes designed specifically to
thwart human immune mediated clearance is sufficient to as-
sure its continued success as a pathogen [56]. Several antimicro-
bials with substantial in vitro activity have been developed since
the emergence of MRSA [57]. However, the persistence of both
MRSA and methicillin-susceptible S. aureus as major ICU path-
ogens, despite the availability of effective antibiotics, suggests
adaptations to immune clearance mechanisms. This indicates
that therapeutic strategies to assist the host clear these organ-
isms would be useful.

It is also evident that an excessive proinflammatory response
to S. aureus infection is injurious, associated with respiratory
failure and sepsis. S. aureus is a major cause of “pyogenic” in-
fections, requiring neutrophils for bacterial clearance at the ex-
pense of proinflammatory sequelae. Other mechanisms of
inflammation, such as the contribution of α-toxin (Hla), are re-
viewed in this issue by Bubeck-Wardenburg and colleagues
[58]. This toxin facilitates invasive infection by targeting
ADAM10 in the pulmonary epithelium [59]. It has a major
role in the immunotoxicity of this organism by activating
both necroptosis, a proinflammatory form of cell death and py-
roptosis, the consequence of caspase 1 activity mediated by the
NLRP3 inflammasome [44]. S. aureus clearance is significantly
improved in murine models of pneumonia in which activation
of the inflammasome is prevented [60].Numerous other toxins,
including the human-specific bicomponent toxins Panton-Val-
entine leukocidin and LukAB, also contribute to pathogenicity,
but are difficult to evaluate in murine models of infection [61].

Figure 1. (A) Murine model of green fluorescent protein (GFP)–labeled carbapenemase-producing Klebsiella pneumoniae ST258 in the alveoli as seen with in vivo confocal
microscopy. (B) Magnified image of the dashed box in Panel A. Red represents calcein red; green, GFP-labeled K. pneumoniae. (Courtesy of Jaime Hook, MD, Columbia Uni-
versity Medical Center.)
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BACTERIAL FACTORS
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Moreover, S. aureus effectively thwarts phagocytosis and is ca-
pable of intracellular persistence within phagocytes and stromal
cells, further contributing to its persistence within the infected
lung [62]. The innumerable effects of protein A on the genera-
tion of effective B cell responses, as well as interference with op-
sonization, also promote persistence and repeated infection [63,
64]. The immunological correlates of resistance to S. aureus in-
fection remain to be defined.

K. pneumoniae Infections
K. pneumoniae, especially the carbapenem-resistant isolates,
have emerged as a major clinical problem worldwide (Figure 1).
It is evident that K. pneumoniae strains are highly diverse and
have substantially different clinical behaviors [65]. Best studied
are the highly virulent strains, as typified by the prototypic
American Type Culture Collection 43816 (KPPR1), whose met-
abolic properties are characterized by Mandel and colleagues in
a novel model of infection in this supplement [66] . Also highly
virulent are the hyperencapsulated K. pneumoniae associated
with sepsis and liver abscesses primarily in Asia [67]. More
commonly seen in ICUs in the United States are the ST258
strains, now responsible for >70% of K. pneumoniae isolates
causing healthcare-associated infections and the predominant
clone of carbabenemase-resistant K. pneumoniae (CRKP).
These CRKP strains also have been recently found as common
components of the fecal flora, with nearly a 5% carriage rate in
nursing home residents [68].

The genetic diversity of CRKP strains is detailed by Uhle-
mann and coworkers in this supplement [69]. They have been
a major clinical problem in ICU patients, particularly in immu-
nocompromised transplant recipients, in whom they cause pro-
longed, relatively indolent pulmonary infection associated with
frequent bacteremias, necessitating toxic combinations of anti-
microbial agents with limited efficacy [22]. The heterogeneity of
the host response to these organisms has been modeled in mice
[70]. There are clearly major differences in the types of host re-
sponses activated by different K. pneumoniae, and even differ-
ent ST258 strains. Specific ST258 isolates are highly resistant to
neutrophil-mediated killing [71] but are relatively susceptible to
uptake and killing by monocytes [72].

The K. pneumoniae strains that are now considered a global
threat [73, 74] exhibit clinically significant genomic and pheno-
typic heterogeneity. They are resistant to phagocytic clearance
by neutrophils, evade inflammatory signaling, and are resistant
to almost all available antibiotics. These qualities lead to persis-
tence and promote their rapid selection in a critically ill patient.
Whether other major gram-negative ESKAPE pathogens, such
as Acinetobacter or Enterobacter, will be as genetically heteroge-
neous remains to be fully appreciated, though promiscuity in
the exchange of genetic material between species would suggest
that this is likely [75]. Nonetheless, based on the data accrued
from analyses of P. aeruginosa and K. pneumoniae, it is evident

that the acquisition of antimicrobial resistance and genes that
foster proliferation in the setting of innate immunity also pro-
mote positive selection of these bacterial populations.

HOST FACTORS

Sources of Infection – Colonization and the Microbiome
A major question underlying the diagnosis and management of
ventilator-associated pneumonias and sepsis is how and when
host colonization with MDR pathogens becomes active infec-
tion with a pathological immune response. This is particularly
important because the reservoirs for antibiotic resistance ex-
pands in the community owing to overutilization of broad-spec-
trum antibiotics, as documented for MRSA [76] and extended-
spectrum β-lactamase Enterobacteriaceae [77]. Multiple studies
indicate that the endogenous flora of these patients, the respira-
tory tract for gram-positive infections such as S. aureus, and the
gut microbiome for the MDR gram-negatives, such as the car-
bapenem-resistant isolates [55, 78], are major sources of serious
infection for ICU patients, and not patient-to-patient spread.
Many factors influence how and when organisms colonize the
lower airways, bloodstream, and urinary tract. In the example of
ventilator-associated pneumonia, loss of normal protective re-
flexes due to sedation and paralysis, alterations in the acidity
of the stomach by medications, and dysbiosis as a consequence
of broad-spectrum antibiotic use influence which organisms
colonize the lower airways and have the potential for invasion.

Unrecognized until recently is the importance of the gut mi-
crobiome in regulating the immunological tone of the entire
host, especially the lung [79]. Alterations in the microbiome
alone in the murine models of S. aureus pneumonia can signifi-
cantly alter the inflammatory and cytokine response to antigen-
ic challenge, ultimately influencing bacterial clearance [80]. The
phenotype of dysbiosis can be so striking that refractory epi-
sodes of septic shock have been “cured” with fecal transplant
in critically ill patients [81]. Studies to understand the influence
of the microbiome on the human immune system are in pro-
gress, and there is increasing appreciation for its role in estab-
lishing the immunological tone of the host response in the
defense against bacterial pathogens [82].

Despite the emphasis placed on hand hygiene and careful at-
tention to the prevention of patient-to-patient spread of MDR
pathogens, local outbreaks still occur [8]. However, multiple
studies of ICU outbreaks using whole bacterial genome se-
quencing techniques document the heterogeneity, particularly
of the gram-negative pathogens, even of the same species that
cause healthcare-associated infections [8]. The most obvious
phenotypic marker is antimicrobial resistance, but these strains
must also harbor genes that facilitate proliferation despite a
local antimicrobial milieu consisting of antimicrobial peptides,
lactoferrin, mucociliary clearance, phagocytic clearance, and the
cytokine responses of the T cells recruited in response to
infection.
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Status of the Host Immune System

Although there are occasional ICU patients without serious un-
derlying illnesses, most have significant impairment in innate
immune clearance mechanisms. Long-standing debilitating ill-
nesses, poor nutrition, or a major disruption in their normal
microbiome all contribute to increased susceptibility to serious
infection through suppression of the immune system [79, 83].
The increased susceptibility to life-threatening illness of neutro-
penic patients is widely accepted, and the use of broad-spec-
trum antimicrobials in these hosts remains the standard of
care, with increasing appreciation of negative effects on the mi-
crobiota and its contribution to immune function [79]. The
pathological effects of immune signaling on host susceptibility
to infection is also well appreciated, as illustrated in the setting
of bacterial superinfection post influenza [84]. Excessive activa-
tion of interleukin 17–mediated responses [85] and the partic-
ipation of the types I and III interferon cascade significantly
increase host susceptibility to serious bacterial pneumonia
post influenza. Virally induced interferon responses also influ-
ence susceptibility to subsequent bacterial infection by altering
the composition of the upper airway microbiome [42].

Many ICU patients receive immunosuppressant drugs to pre-
vent inflammatory damage due to autoimmune diseases or to
prevent rejection of solid organ or hematopoietic stem cell
transplants. Increasing numbers of patients receive drugs that
specifically target T-cell signaling, the so-called biologics used
to treat autoimmune and oncological processes. These include
drugs such as the check point inhibitors that activate T cells in
the setting of malignancy, or drugs that block T-cell activation
in the setting of autoimmunity, tumor necrosis factor, interleu-
kin 6, or interleukin 1 antagonists. Dysregulated T-cell signaling
is a major component of pathological proinflammatory re-
sponses, as well illustrated in the case of S. aureus superantigens
[45]. T cells also potentiate innate immune responses to im-
prove clearance of airway pathogens [85] and are essential to
the coordination of adaptive immunity. Exactly how these po-
tent immunomodulators change susceptibility to pneumonia
and sepsis remains to be established.

A theme common to several articles presented in this supple-
ment is the importance of the regulation of the inflammatory
responses activated by airway infection and how this may differ
depending on the nature of both the host and the specific path-
ogen. In this era of “personalized medicine,” it would be useful
to have a more detailed characterization of the organisms di-
rectly associated with ICU infections, not only their genus
and species, but their whole-genomic repertoire, as can be read-
ily accomplished [86]. In addition to the epidemiological im-
portance, the identification of specific biomarkers that
correlate with invasion or immune tolerance could be useful
in guiding therapy, as monoclonal antibodies directed at specif-
ic virulence factors become available. Identifying patients who
need amplified inflammatory responses, as opposed to those

who need anti-inflammatory modifiers, could be difficult in
the setting of severe pneumonia, although new diagnostic strat-
egies such as focused RNA array, cytokine array, or blast prote-
omics [87, 88] may be far superior to conventional and newer
biomarkers, such as C-reactive protein, lactate, procalcitonin,
and soluble triggering receptor expressed on myeloid cells
(sTREM) 1 [89, 90]. It is also conceivable that markers for path-
ological inflammatory responses in the lung may become avail-
able to identify patients most likely to benefit from
immunomodulatory therapy, with specific reagents already de-
veloped for other diseases characterized by pathological proin-
flammatory responses, such as autoimmune disorders.

IDENTIFICATION OF THERAPEUTIC TARGETS:
NOVEL STRATEGIES

The search for a universal therapeutic target for bacterial infec-
tion has been fruitless, mostly owing to the reductionist ap-
proach to severe infection [91]. Promising therapies in animal
models have failed to make a major impact on the outcome
in critically ill patients [10, 92]. Despite these shortcomings, on-
going trials to study biologics for heterogeneous disease states
continue as in the case of global TNF or interleukin 1β neutral-
ization [93–95]. A straightforward approach currently under
study targets bacterial toxins that are important in pathogenesis.
A monoclonal antibody targeting the α-toxin has been shown
to enhance bacterial clearance from the lung, acting through
several discrete mechanisms [96]. Neutralization of Hla could
also potentially prevent pathological consequences of inflam-
masome activation. Clinical trials are already in progress to
test safety and efficacy of a humanized pegylated anti-P. aerugi-
nosa V-antigen targeting a component of the type III secretion
system of P. aeruginosa in the setting of ventilator-associated
pneumonia [97]. This would also have the potential of multiple
beneficial effects, both neutralizing the effects of the damaging
exotoxins necessary for invasion and blocking activation of the
NLRC4 inflammasome. Therapeutic strategies to control appar-
ently excessive immune activation in the human lung by coun-
teracting the interleukin 1 cascade have been used in patients
with underlying immune diseases and infection, such as chronic
granulomatous disease or severe sepsis with features of macro-
phage activation syndrome [95, 98].

THE FUTURE OF THERAPEUTIC STRATEGIES:
PRECISION MEDICINE

Several advances in the field of medicine will probably have a
major impact on the treatment of critically ill patients with
MDR infections. Epidemiological strategies, such as upper air-
way and skin decontamination, hand hygiene, antibiotic stew-
ardship, and strategies to reduce healthcare-associated
infections, will continue to reduce the incidence of these infec-
tions. From a diagnostic approach, the early detection and iden-
tification of pathogenic bacteria continues to improve with
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Moreover, S. aureus effectively thwarts phagocytosis and is ca-
pable of intracellular persistence within phagocytes and stromal
cells, further contributing to its persistence within the infected
lung [62]. The innumerable effects of protein A on the genera-
tion of effective B cell responses, as well as interference with op-
sonization, also promote persistence and repeated infection [63,
64]. The immunological correlates of resistance to S. aureus in-
fection remain to be defined.

K. pneumoniae Infections
K. pneumoniae, especially the carbapenem-resistant isolates,
have emerged as a major clinical problem worldwide (Figure 1).
It is evident that K. pneumoniae strains are highly diverse and
have substantially different clinical behaviors [65]. Best studied
are the highly virulent strains, as typified by the prototypic
American Type Culture Collection 43816 (KPPR1), whose met-
abolic properties are characterized by Mandel and colleagues in
a novel model of infection in this supplement [66] . Also highly
virulent are the hyperencapsulated K. pneumoniae associated
with sepsis and liver abscesses primarily in Asia [67]. More
commonly seen in ICUs in the United States are the ST258
strains, now responsible for >70% of K. pneumoniae isolates
causing healthcare-associated infections and the predominant
clone of carbabenemase-resistant K. pneumoniae (CRKP).
These CRKP strains also have been recently found as common
components of the fecal flora, with nearly a 5% carriage rate in
nursing home residents [68].

The genetic diversity of CRKP strains is detailed by Uhle-
mann and coworkers in this supplement [69]. They have been
a major clinical problem in ICU patients, particularly in immu-
nocompromised transplant recipients, in whom they cause pro-
longed, relatively indolent pulmonary infection associated with
frequent bacteremias, necessitating toxic combinations of anti-
microbial agents with limited efficacy [22]. The heterogeneity of
the host response to these organisms has been modeled in mice
[70]. There are clearly major differences in the types of host re-
sponses activated by different K. pneumoniae, and even differ-
ent ST258 strains. Specific ST258 isolates are highly resistant to
neutrophil-mediated killing [71] but are relatively susceptible to
uptake and killing by monocytes [72].

The K. pneumoniae strains that are now considered a global
threat [73, 74] exhibit clinically significant genomic and pheno-
typic heterogeneity. They are resistant to phagocytic clearance
by neutrophils, evade inflammatory signaling, and are resistant
to almost all available antibiotics. These qualities lead to persis-
tence and promote their rapid selection in a critically ill patient.
Whether other major gram-negative ESKAPE pathogens, such
as Acinetobacter or Enterobacter, will be as genetically heteroge-
neous remains to be fully appreciated, though promiscuity in
the exchange of genetic material between species would suggest
that this is likely [75]. Nonetheless, based on the data accrued
from analyses of P. aeruginosa and K. pneumoniae, it is evident

that the acquisition of antimicrobial resistance and genes that
foster proliferation in the setting of innate immunity also pro-
mote positive selection of these bacterial populations.

HOST FACTORS

Sources of Infection – Colonization and the Microbiome
A major question underlying the diagnosis and management of
ventilator-associated pneumonias and sepsis is how and when
host colonization with MDR pathogens becomes active infec-
tion with a pathological immune response. This is particularly
important because the reservoirs for antibiotic resistance ex-
pands in the community owing to overutilization of broad-spec-
trum antibiotics, as documented for MRSA [76] and extended-
spectrum β-lactamase Enterobacteriaceae [77]. Multiple studies
indicate that the endogenous flora of these patients, the respira-
tory tract for gram-positive infections such as S. aureus, and the
gut microbiome for the MDR gram-negatives, such as the car-
bapenem-resistant isolates [55, 78], are major sources of serious
infection for ICU patients, and not patient-to-patient spread.
Many factors influence how and when organisms colonize the
lower airways, bloodstream, and urinary tract. In the example of
ventilator-associated pneumonia, loss of normal protective re-
flexes due to sedation and paralysis, alterations in the acidity
of the stomach by medications, and dysbiosis as a consequence
of broad-spectrum antibiotic use influence which organisms
colonize the lower airways and have the potential for invasion.

Unrecognized until recently is the importance of the gut mi-
crobiome in regulating the immunological tone of the entire
host, especially the lung [79]. Alterations in the microbiome
alone in the murine models of S. aureus pneumonia can signifi-
cantly alter the inflammatory and cytokine response to antigen-
ic challenge, ultimately influencing bacterial clearance [80]. The
phenotype of dysbiosis can be so striking that refractory epi-
sodes of septic shock have been “cured” with fecal transplant
in critically ill patients [81]. Studies to understand the influence
of the microbiome on the human immune system are in pro-
gress, and there is increasing appreciation for its role in estab-
lishing the immunological tone of the host response in the
defense against bacterial pathogens [82].

Despite the emphasis placed on hand hygiene and careful at-
tention to the prevention of patient-to-patient spread of MDR
pathogens, local outbreaks still occur [8]. However, multiple
studies of ICU outbreaks using whole bacterial genome se-
quencing techniques document the heterogeneity, particularly
of the gram-negative pathogens, even of the same species that
cause healthcare-associated infections [8]. The most obvious
phenotypic marker is antimicrobial resistance, but these strains
must also harbor genes that facilitate proliferation despite a
local antimicrobial milieu consisting of antimicrobial peptides,
lactoferrin, mucociliary clearance, phagocytic clearance, and the
cytokine responses of the T cells recruited in response to
infection.
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Status of the Host Immune System

Although there are occasional ICU patients without serious un-
derlying illnesses, most have significant impairment in innate
immune clearance mechanisms. Long-standing debilitating ill-
nesses, poor nutrition, or a major disruption in their normal
microbiome all contribute to increased susceptibility to serious
infection through suppression of the immune system [79, 83].
The increased susceptibility to life-threatening illness of neutro-
penic patients is widely accepted, and the use of broad-spec-
trum antimicrobials in these hosts remains the standard of
care, with increasing appreciation of negative effects on the mi-
crobiota and its contribution to immune function [79]. The
pathological effects of immune signaling on host susceptibility
to infection is also well appreciated, as illustrated in the setting
of bacterial superinfection post influenza [84]. Excessive activa-
tion of interleukin 17–mediated responses [85] and the partic-
ipation of the types I and III interferon cascade significantly
increase host susceptibility to serious bacterial pneumonia
post influenza. Virally induced interferon responses also influ-
ence susceptibility to subsequent bacterial infection by altering
the composition of the upper airway microbiome [42].

Many ICU patients receive immunosuppressant drugs to pre-
vent inflammatory damage due to autoimmune diseases or to
prevent rejection of solid organ or hematopoietic stem cell
transplants. Increasing numbers of patients receive drugs that
specifically target T-cell signaling, the so-called biologics used
to treat autoimmune and oncological processes. These include
drugs such as the check point inhibitors that activate T cells in
the setting of malignancy, or drugs that block T-cell activation
in the setting of autoimmunity, tumor necrosis factor, interleu-
kin 6, or interleukin 1 antagonists. Dysregulated T-cell signaling
is a major component of pathological proinflammatory re-
sponses, as well illustrated in the case of S. aureus superantigens
[45]. T cells also potentiate innate immune responses to im-
prove clearance of airway pathogens [85] and are essential to
the coordination of adaptive immunity. Exactly how these po-
tent immunomodulators change susceptibility to pneumonia
and sepsis remains to be established.

A theme common to several articles presented in this supple-
ment is the importance of the regulation of the inflammatory
responses activated by airway infection and how this may differ
depending on the nature of both the host and the specific path-
ogen. In this era of “personalized medicine,” it would be useful
to have a more detailed characterization of the organisms di-
rectly associated with ICU infections, not only their genus
and species, but their whole-genomic repertoire, as can be read-
ily accomplished [86]. In addition to the epidemiological im-
portance, the identification of specific biomarkers that
correlate with invasion or immune tolerance could be useful
in guiding therapy, as monoclonal antibodies directed at specif-
ic virulence factors become available. Identifying patients who
need amplified inflammatory responses, as opposed to those

who need anti-inflammatory modifiers, could be difficult in
the setting of severe pneumonia, although new diagnostic strat-
egies such as focused RNA array, cytokine array, or blast prote-
omics [87, 88] may be far superior to conventional and newer
biomarkers, such as C-reactive protein, lactate, procalcitonin,
and soluble triggering receptor expressed on myeloid cells
(sTREM) 1 [89, 90]. It is also conceivable that markers for path-
ological inflammatory responses in the lung may become avail-
able to identify patients most likely to benefit from
immunomodulatory therapy, with specific reagents already de-
veloped for other diseases characterized by pathological proin-
flammatory responses, such as autoimmune disorders.

IDENTIFICATION OF THERAPEUTIC TARGETS:
NOVEL STRATEGIES

The search for a universal therapeutic target for bacterial infec-
tion has been fruitless, mostly owing to the reductionist ap-
proach to severe infection [91]. Promising therapies in animal
models have failed to make a major impact on the outcome
in critically ill patients [10, 92]. Despite these shortcomings, on-
going trials to study biologics for heterogeneous disease states
continue as in the case of global TNF or interleukin 1β neutral-
ization [93–95]. A straightforward approach currently under
study targets bacterial toxins that are important in pathogenesis.
A monoclonal antibody targeting the α-toxin has been shown
to enhance bacterial clearance from the lung, acting through
several discrete mechanisms [96]. Neutralization of Hla could
also potentially prevent pathological consequences of inflam-
masome activation. Clinical trials are already in progress to
test safety and efficacy of a humanized pegylated anti-P. aerugi-
nosa V-antigen targeting a component of the type III secretion
system of P. aeruginosa in the setting of ventilator-associated
pneumonia [97]. This would also have the potential of multiple
beneficial effects, both neutralizing the effects of the damaging
exotoxins necessary for invasion and blocking activation of the
NLRC4 inflammasome. Therapeutic strategies to control appar-
ently excessive immune activation in the human lung by coun-
teracting the interleukin 1 cascade have been used in patients
with underlying immune diseases and infection, such as chronic
granulomatous disease or severe sepsis with features of macro-
phage activation syndrome [95, 98].

THE FUTURE OF THERAPEUTIC STRATEGIES:
PRECISION MEDICINE

Several advances in the field of medicine will probably have a
major impact on the treatment of critically ill patients with
MDR infections. Epidemiological strategies, such as upper air-
way and skin decontamination, hand hygiene, antibiotic stew-
ardship, and strategies to reduce healthcare-associated
infections, will continue to reduce the incidence of these infec-
tions. From a diagnostic approach, the early detection and iden-
tification of pathogenic bacteria continues to improve with
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advances in culture-independent methods [99, 100]. Technolo-
gies in the rapid characterization of the host phenotype in severe
infection have also advanced, with improvements in focused
RNA-sequencing arrays [87, 101] and whole-exome sequencing
[102].

For therapeutics, the motivation for the discovery of novel
antimicrobials is outweighed by the high economic burden of
drug development and likelihood of rapid bacterial adaptation
[73]. As discussed above, few novel strategies for specific path-
ogens have already been identified, and universal therapeutics
have a limited effect because of the heterogeneity of disease.
More exciting is the idea that host- and pathogen-specific im-
munomodulatory therapy can be used as adjunctive therapies,
similar to host- and disease-specific therapeutics in oncology
and rheumatology. An example of how personalized medicine
could affect clinical outcome is the use of high-throughput RNA
sequencing to identify phenotypically silent mutations, such as
interferon regulatory factor 7 deficiency, in a critically ill patient
with life-threatening influenza infection. Ciancanelli et al [103]
used this approach combined with confirmatory testing in plu-
ripotent immune cells with the patient’s DNA to characterize
the deficient pathway and identify potential therapeutics. This
approach is becoming the standard of care in oncology, with
the now routine and rapid next-generation sequencing of
tumor tissue [104], and development of high-throughput
screening to identify targeted therapies. The adaptation of
such novel interventions into infectious diseases could provide
a paradigm shift in our understanding of the intricate interac-
tions between host and pathogen.
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advances in culture-independent methods [99, 100]. Technolo-
gies in the rapid characterization of the host phenotype in severe
infection have also advanced, with improvements in focused
RNA-sequencing arrays [87, 101] and whole-exome sequencing
[102].

For therapeutics, the motivation for the discovery of novel
antimicrobials is outweighed by the high economic burden of
drug development and likelihood of rapid bacterial adaptation
[73]. As discussed above, few novel strategies for specific path-
ogens have already been identified, and universal therapeutics
have a limited effect because of the heterogeneity of disease.
More exciting is the idea that host- and pathogen-specific im-
munomodulatory therapy can be used as adjunctive therapies,
similar to host- and disease-specific therapeutics in oncology
and rheumatology. An example of how personalized medicine
could affect clinical outcome is the use of high-throughput RNA
sequencing to identify phenotypically silent mutations, such as
interferon regulatory factor 7 deficiency, in a critically ill patient
with life-threatening influenza infection. Ciancanelli et al [103]
used this approach combined with confirmatory testing in plu-
ripotent immune cells with the patient’s DNA to characterize
the deficient pathway and identify potential therapeutics. This
approach is becoming the standard of care in oncology, with
the now routine and rapid next-generation sequencing of
tumor tissue [104], and development of high-throughput
screening to identify targeted therapies. The adaptation of
such novel interventions into infectious diseases could provide
a paradigm shift in our understanding of the intricate interac-
tions between host and pathogen.
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