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Abstract 

Immunocompromised patients account for an increasing proportion of the typical intensive care unit (ICU) case-mix. 
Because of the increased availability of new drugs for cancer and auto-immune diseases, and improvement in the 
care of the most severely immunocompromised ICU patients (including those with hematologic malignancies), criti‑
cally ill immunocompromised patients form a highly heterogeneous patient population. Furthermore, a large number 
of ICU patients with no apparent immunosuppression also harbor underlying conditions altering their immune 
response, or develop ICU-acquired immune deficiencies as a result of sepsis, trauma or major surgery. While infections 
are associated with significant morbidity and mortality in immunocompromised critically ill patients, little specific 
data are available on the incidence, microbiology, management and outcomes of ICU-acquired infections in this 
population. As a result, immunocompromised patients are usually excluded from trials and guidelines on the man‑
agement of ICU-acquired infections. The most common ICU-acquired infections in immunocompromised patients 
are ventilator-associated lower respiratory tract infections (which include ventilator-associated pneumonia and 
tracheobronchitis) and bloodstream infections. Recently, several large observational studies have shed light on some 
of the epidemiological specificities of these infections—as well as on the dynamics of colonization and infection with 
multidrug-resistant bacteria—in these patients, and these will be discussed in this review. Immunocompromised 
patients are also at higher risk than non-immunocompromised hosts of fungal and viral infections, and the diagnostic 
and therapeutic management of these infections will be covered. Finally, we will suggest some important areas of 
future investigation.
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Introduction
The last decades have seen a striking increase in the avail-
ability of effective therapeutic interventions for cancer, 
hematologic malignancies, solid organ transplantation 
and auto-immune diseases. In parallel, the survival of 
patients with these conditions as well as other immuno-
deficiencies has improved significantly [1]. Consequently, 
recent studies evaluating the use of intensive care have 

shown that immunocompromised patients account for 
a significant percentage of the typical intensive care unit 
(ICU) case-mix. It is estimated that around one-third of 
ICU patients present at least one risk factor for immu-
nosuppression, and cancer patients currently represent 
approximately one in six ICU admissions [2, 3].

Immunocompromised patients may require ICU 
admission for several reasons, including the treatment 
of severe infections, immune-mediated organ dysfunc-
tion, acute bleeding and complications associated with 
therapies that target their disease. However, their out-
comes are only partially explained by their background 

*Correspondence:  s-nseir@chru-lille.fr 
11 Médecine Intensive‑Réanimation, CHU de Lille, 59000 Lille, France
Full author information is available at the end of the article

http://crossmark.crossref.org/dialog/?doi=10.1007/s00134-023-07295-2&domain=pdf
http://orcid.org/0000-0002-7618-0357


333

medical history and the conditions leading to critical 
care [2–5]. As a result of baseline immune abnormalities, 
exposure to broad-spectrum antibiotics, invasive devices 
and/or additional immune-modulating therapies during 
their ICU stay, immunocompromised patients may be at 
higher risk of acquiring new infections in the ICU.

Among ICU-acquired infections occurring in immu-
nocompromised patients, the most prevalent include 
ventilator-associated lower respiratory tract infections 
(VA-LRTI), which are divided into ventilator-associ-
ated pneumonia (VAP) and ventilator-associated tra-
cheobronchitis (VAT), and bloodstream infections (BSI) 
[6–10]. Importantly, these patients might also be more 
susceptible than non-immunocompromised counter-
parts to a specific range of pathogens—often described 
as ‘opportunistic’—such as some bacteria of lower viru-
lence, but also fungi and viruses. Finally, a special area 
of concern is related to the prevalence of antimicrobial 
resistance (AMR) in this population.

Different definitions of immunosuppression have been 
used across studies, which explains the important vari-
ability in reports on the incidence, microbiology and 
outcomes of ICU-acquired infections in this population. 
Furthermore, data on the infectious complications asso-
ciated with the newest immunosuppressive and anti-can-
cer drugs are scarce. In this article, we will discuss how 
immunosuppression is usually defined in the critical care 
literature, cover the mechanisms associated with ICU-
acquired infections, describe the epidemiology, diagno-
sis and management of the most common ICU-acquired 
infections in immunocompromised patients, and suggest 
areas of further study.

Methods
We searched the MEDLINE and PubMed databases for 
articles in English published between 2003 and 2023, 
using associations of search queries related to the con-
cepts of immunosuppression (’neoplasm’, ’cancer’, ’hema-
tologic neoplasms’, ’HIV’, ’immunocompromised host’, 
’immunosuppression’, ’transplantation’, ‘leukopenia’), 
intensive care medicine (’intensive care unit’, ’critical 
care’), infections (’cross infection’, ’bacteremia’, ’blood-
stream infection’, ’pneumonia’, ’invasive fungal infections’, 
’virus diseases’) and antimicrobial resistance (‘drug resist-
ance, microbial’). Further references were added through 
hand-searching in the relevant literature and verifying 
references of key papers. We screened titles and abstracts 
of papers identified by our search, and assessed the full 
text of potentially relevant articles. The inclusion of 
papers in the final manuscript was based on consensus 
among all coauthors.

Definitions of immunosuppression
From the immunological perspective, immunosuppres-
sion is defined as immune dysfunctions associated with 
an increased susceptibility to recurrent infections by 
common or ordinary pathogens, and also by opportunis-
tic microorganisms considered innocuous for non-immu-
nocompromised hosts. Immunosuppressive conditions 
classically include primary inherited immunodeficien-
cies [11] and acquired immunodeficiencies related to 
cancer, hematologic malignancies and their treatment, 
solid organ transplantation, long-term exposure to corti-
costeroids and other immunosuppressive drugs, neutro-
penia or HIV infection. In the critical care literature, the 
term ‘immunocompromised patients’ generally refers to 
patients presenting with at least one of these conditions 
at ICU admission [8, 12]. Conversely, patients without 
clinical or biological evidence of immunosuppression are 
often, by default, and sometimes improperly, considered 
‘immunocompetent.’ However, the assumption that all 
patients deemed ‘immunocompetent’ at ICU admission 
indeed have a normal immune system appears question-
able, especially among those with sepsis, whose severity 
of infection often results from ineffective anti-infective 
responses [13]. Indeed, multiple conditions likely to 
impact immuno-inflammatory responses underlie a ‘hid-
den’ state of immunosuppression (Table  1). However, 
there is no validated diagnostic test to assess the actual 
‘net state of immunosuppression’ in critically ill patients. 
In this review, we have used the term ‘immunocompro-
mised patients’ to refer to the group of patients pre-
senting with known risk factors of immunosuppression 
at ICU admission (‘overt’ immunosuppression), while 
acknowledging both the large phenotypic heterogeneity 
within this population and the fact that some features of 
ICU-acquired infections discussed here might also apply 
to patients falling outside of this definition (those with 
‘covert’ immunosuppression).

The epidemiology of sepsis in Western countries is 
characterized by the significant predisposing role of age 

Take‑home message 

Immunocompromised patients account for an increasing propor‑
tion of intensive care unit (ICU) patients and form a highly hetero‑
geneous patient population. Recent data have challenged the com‑
mon assumption that immunocompromised patients are at higher 
risk of ICU-acquired infections in general, and with multidrug-resist‑
ant bacteria in particular. However, these patients remain prone to 
opportunistic infections in the ICU, including viral and fungal infec‑
tions. Future research efforts should focus on the epidemiology of 
ICU-acquired infections among immunocompromised patients, the 
role of the normal microbiota, improved tools for microbiological 
diagnosis and for the  assessment of immune function at the bed‑
side, and immunomodulating agents to prevent ICU-acquired infec‑
tions in this population.
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and comorbid conditions [14–16]. Beside aging-related 
immune cell alterations, a physiological process called 
immunosenescence, several patients with sepsis also 
harbor non-immune comorbid conditions that are likely 
to modulate systemic and/or organ-specific anti-infec-
tive defenses. For instance, diabetes is associated with 
defective phagocytic functions of neutrophils, cirrhosis 
impairs the essential filter functions of the liver (which 
is an important reservoir of macrophages, known as 
Kupffer cells), and chronic obstructive pulmonary disease 
(COPD) modulates lung immunity toward bacteria. It is 
illustrative that critically ill patients from the first wave 
of coronavirus disease 2019 (COVID-19) were generally 
deemed ’immunocompetent’ because they lacked the 
classical criteria for immunosuppression. However, most 
of them harbored chronic non-immune comorbidities 
such as obesity, diabetes and arterial hypertension [17]. 
Further investigations revealed inappropriate antiviral 
responses in some of them, ascribed to immune dysfunc-
tions (e.g., the presence of anti-interferon [IFN] antibod-
ies) [18, 19].

Furthermore, there is now firm evidence that critically 
ill patients labeled as ‘immunocompetent’ at ICU admis-
sion are prone to further ICU-acquired infections related 
to opportunistic pathogens, including bacteria with lim-
ited virulence in non-immunocompromised patients 
(e.g., Pseudomonas spp., enterococci) and fungi (both 
yeasts and molds), as well as to the reactivation of latent 
herpesviruses [16, 22, 23]. The significance of viral reacti-
vation is unclear, as direct organ involvement is uncom-
monly encountered. Interestingly, viral reactivation may 
not only be a consequence of immunosuppression, but 
may also have immunomodulatory consequences by 
increasing the risk of ICU-acquired bacterial and fungal 
infections [20]. This  increased susceptibility to oppor-
tunistic infections argues for ICU-acquired profound and 

sustained immunosuppression, which involves quantita-
tive and/or functional alterations in all innate and adap-
tive immune cells [21]. Several clinical studies have shed 
light on the pathophysiological mechanisms of these 
alterations, which have been described in the setting of 
various acute illnesses, including bacterial sepsis, viral 
infections (e.g., flu), major surgery and trauma [21–23]. 
Several immune biomarkers have emerged to stratify 
the risk of ICU-acquired infections beyond the classical 
clinical risk factors, including lymphopenia [24], mono-
cyte expression of human leukocyte antigen (HLA) class 
II histocompatibility DR molecules (HLA-DR) [25] and 
immune functional tests [26]. However, these biomarkers 
only reflect the functionality of individual components of 
the immune system, have limited diagnostic and prog-
nostic performance, and might display limited availabil-
ity at the bedside. Furthermore, they have mostly been 
assessed in non-immunocompromised patients [27, 28]. 
Such acquired immune dysfunctions primarily result 
from the primary insult leading to ICU admission (sepsis, 
trauma, major surgery, etc.). Still, it is noteworthy that 
many interventions in the ICU also have potent immu-
nomodulatory properties, including invasive proce-
dures (intravascular catheters, endotracheal intubation, 
mechanical ventilation), drugs (corticosteroids, seda-
tives, catecholamines and some antibiotics, which could 
alter immune responses through mitochondrial toxicity 
[29, 30]), and blood products (including red blood cells, 
platelet concentrates and fresh-frozen plasma) [31–33]. 
Several pre-clinical studies have also documented that 
the normal microbiota influences the development and 
function of critical mediators of the immune system 
[34, 35]. Still, the relevance of these findings to criti-
cally ill patients is yet unclear. Thus, the primary insult 
and related medical interventions may mitigate the anti-
infective capacities toward ICU-acquired infections and 

Table 1  Conditions associated with immunosuppression in critically ill patients

*Simplified functional classification. The reference molecular classification is regularly updated

COPD chronic obstructive pulmonary disease, HIV human immunodeficiency virus, HSCT hematopoietic stem cell transplantation, SARS‑CoV‑2 Severe acute respiratory 
syndrome coronavirus 2

Overt immunosuppressive conditions Covert immunosuppressive conditions

Primary immunodeficiencies* Chronic acquired  
immunodeficiencies

Acute acquired  
immunodeficiencies

Non-immune conditions

- Antibody deficiency
- Cellular deficiency
- Combined antibody and cellular 

immune deficiency
- Phagocytic defects
- Complement defects

- Hematological malignancies
- Solid tumors (especially if 

metastatic and/or under chemo‑
therapy)

- Solid organ transplantation
- Corticosteroids and other immu‑

nosuppressive therapies
- HSCT
- HIV (especially if CD4 + T-cell 

count < 200/μL)

- Sepsis
- Viral pneumonia (flu, SARS-CoV-2)
- Major trauma
- Major surgery
- Subarachnoid hemorrhage
- Cardiac arrest
- Malaria

- Diabetes
- Chronic pulmonary conditions (e.g., 

COPD)
- Cirrhosis
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smooth out some differences across immunocompro-
mised and non-immunocompromised patients.

Mechanisms of infection in immunocompromised 
patients
The incidence, microbiology and outcomes of ICU-
acquired infections in immunocompromised patients are 
influenced by numerous factors, which can be broadly 
divided into: (1) microbial factors, namely the balance 
between exposure to virulent and opportunistic patho-
gens and the integrity of the normal commensal flora; (2) 
the nature, duration and severity of immunosuppression; 
(3) the disruption of anatomical barriers; and (4) past and 
current antimicrobial exposure for either prophylactic or 
therapeutic purposes (Fig. 1).

Specific data on the microbiology of ICU-acquired 
infections in immunocompromised patients are scarce. 
In the proportion of these infections attributed to what 
could be defined as a set of ‘typical’ bacteria frequently 
encountered in the ICU (including but not limited to 
Staphylococcus aureus, Enterobacterales, non-ferment-
ing Gram-negative bacteria), ICU-acquired colonization 
with virulent strains is believed to play a major role, simi-
larly to what is observed in non-immunocompromised 
hosts. Preclinical data suggest that the disruption of the 
normal flora may facilitate colonization and subsequent 
infection with pathogenic bacteria [36–38], and while 
firm clinical evidence of this is limited, investigations 
targeting the microbiota of critically ill patients are illus-
trative of its potential role in the pathophysiology of ICU-
acquired infections. In humans, randomized controlled 
trials have demonstrated that treatment with pre-/probi-
otics resulted in a lower incidence of VAP [39] and anti-
biotic-associated diarrhea [40]. However, recent reviews 
on their effect are inconclusive [41, 42]. Fecal microbiota 
transplantation (FMT) has been demonstrated to reduce 
the incidence of Clostridium difficile infections [43, 44], 
but not of other ICU-acquired infections. And contrarily 
to attempts at restoring a ‘normal’ flora [45], selective 
digestive tract decontamination (SDD) with broad-spec-
trum antimicrobials has also been shown in high-quality 
studies to reduce the incidence of VAP [46, 47] and ICU-
acquired bacteremia [47, 48]. Importantly, the evidence 
on these interventions among immunocompromised 
patients is limited [49].

Immunocompromised patients are also prone to ICU-
acquired infections with viruses, fungi and ‘atypical’ bac-
teria [8]. This can be linked to the reactivation of latent 

pathogens, e.g., viruses of the Herpesviridae family (such 
as herpes simplex virus [HSV], cytomegalovirus [CMV]) 
or mycobacteria; or to environmental exposure in the 
ICU, e.g., to opportunistic fungi (such as Aspergillus and 
Pneumocystis jirovecii) or respiratory viruses (such as 
influenza, respiratory syncytial virus [RSV] and others).

The nature, duration and severity of immunosuppres-
sion also influence the microbiology of ICU-acquired 
infections: prolonged neutropenia is a risk factor for 
invasive fungal infections [50], patients with B-cell 
defects are prone to infections with encapsulated bac-
teria [51], Pneumocystis pneumonia is classically seen 
in patients affected by acquired immunodeficiency syn-
drome (AIDS), and increasingly in patients with T-cell 
defects or on long-term steroids [52]. However, there is 
significant overlap in the list of potential pathogens typi-
cally implicated in different types of immunosuppres-
sion. Furthermore, these classical observations are made 
less relevant by the facts that: 1) critically ill immuno-
compromised patients often present multiple factors of 
immunosuppression simultaneously [9]; 2) as we have 
discussed,  critically ill patients with no obvious base-
line immunosuppression often develop ICU-acquired 
immune defects that make them prone to various 
opportunistic infections [22, 23, 53]; and 3) biomark-
ers or assays to assess the ‘net state of immunosuppres-
sion’ of individual critically ill patients  have important 
limitations.

The disruption of anatomical barriers by vascular cath-
eters, endotracheal tubes and other devices also plays an 
important role in the occurrence of ICU-acquired infec-
tions, essentially related to ‘typical’ bacterial pathogens. 
However, there are little data on the way immunosup-
pression modulates this risk, and recent investigations 
have challenged the common assumption that immu-
nocompromised patients are at higher risk of ‘device-
associated’ ICU-acquired infections. For instance (and 
as will be discussed in more detailed below), in an ancil-
lary analysis of a prospective multicenter observational 
study, the incidence of VA-LRTI was significantly lower 
among immunocompromised than among non-immuno-
compromised patients [7], and in a retrospective multi-
center analysis focusing only on immunocompromised 
patients, the incidence of VA-LRTI was lower among 
patients with hematologic malignancies than among 
patients with other types of immunosuppression [54]. 
Further, in a single-center prospective cohort study, the 
incidence of ICU-acquired bloodstream infections was 

(See figure on next page.)
Fig. 1  Mechanisms of ICU-acquired infections in immunocompromised patients. Figure created with BioRender
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Fig. 1  (See legend on previous page.)
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not statistically different between immunocompromised 
and non-immunocompromised patients [55].

Finally, the occurrence of ICU-acquired infections is 
influenced by past and ongoing exposure to antimicrobi-
als. First, antifungal prophylaxis is effective at prevent-
ing Pneumocystis pneumonia in HIV-positive [56] and 
HIV-negative patients [57], and antiviral prophylaxis at 
preventing HSV reactivation in patients with hemato-
logic malignancies [58, 59]. Thus, compliance to these 
regimens should be considered when evaluating immu-
nocompromised patients suspected of ICU-acquired 
infection. SDD seems to be effective at preventing VAP 
[46, 47] and ICU-acquired bacteremia [47, 48], but its 
widespread use has been limited by concerns over poten-
tial negative consequences on AMR, even though imple-
mentation of SDD has not firmly been associated with 
increased rates of multidrug-resistant (MDR) bacteria in 
critically ill patients [48, 60]. Similarly, antibiotic prophy-
laxis in high-risk hematology patients has been evaluated 
in several trials, but has been associated with increased 
resistance rates and is therefore not recommended [61, 
62]. Exposure to broad-spectrum antibiotics is consid-
ered a key driver of AMR, as it has been associated with 
subsequent ICU-acquired colonization and/or infection 
with MDR bacteria in several studies. The association 
between immunosuppression and AMR in the ICU will 
be covered in more detail in a dedicated section below.

ICU‑acquired bloodstream infections
Few studies have specifically investigated the association 
between immunosuppression and the incidence of ICU-
acquired BSI. Interestingly, all-cause immunosuppression 
at ICU admission was not a risk factor for ICU-acquired 
BSI in a retrospective analysis of 571 BSI episodes among 
10,734 patients from the Outcomerea database (France) 
[63]. Similar results were obtained in a retrospective 
study on 1306 ICU-acquired BSI episodes among 150,948 
ICU admissions in 85 American ICUs [64], and in a sin-
gle-center retrospective cohort study in France (1313 
patients, including 249 immunocompromised) [55]. In 
a retrospective study on 330 ICU-acquired BSI episodes 
among 6339 patients in Australia, immune deficiency 
and malignancies were more prevalent in patients with 
at least one ICU-acquired BSI than in patients without 
(10.6% vs. 7%, p = 0.02 for immunosuppression and 19.1 
vs. 14.8%, p = 0.04 for malignancies), but immunosup-
pression (not including malignancies) was not an inde-
pendent risk factor for ICU-acquired BSI in multivariate 
analysis [65].

Around 90% of ICU-acquired BSI occurring in unse-
lected critically ill patients are caused by bacteria, and 
there are limited data related specifically to the microbi-
ology of these infections among immunocompromised 

patients [63, 66–68]. Almost all microorganisms can 
cause BSI in these patients, including commensal micro-
organisms of lower virulence (such as coagulase-negative 
staphylococci [CNS]). Independently of immune status, 
the European Centre for Disease Prevention and Control 
has reported that CNS were the most frequently isolated 
microorganisms in ICU-acquired BSI (mostly associ-
ated with catheter-related BSI), followed by Enterococ-
cus spp., Klebsiella spp. and Staphylococcus aureus [69]. 
These data are consistent with those collected in onco-
hematologic patients over 15  years (2006–2020, n = 467 
BSI episodes) by Laporte-Amargos et  al., although 
only < 5% of the cohort was admitted to ICU [9]. How-
ever, in the EUROBACT-2 study (2600 unselected ICU 
patients with BSI), Gram-negative bacteria were pre-
dominant (59%), and recent reports focusing on patients 
with cancer and hematologic malignancies [70, 71] and 
neutropenia [72] have also documented an increase in 
the proportion of Gram-negative bacteria causing BSI 
(although not all ICU-acquired). Differences across stud-
ies might be related to differences in local epidemiology, 
but most importantly to the exclusion in some studies 
of cases related to potential blood culture contaminants 
(e.g., CNS). Around 10% of ICU-acquired BSI are related 
to fungal pathogens, most often to Candida species [63, 
66–68].

There is no specific definition or diagnosis method for 
ICU-acquired BSI in immunocompromised patients: 
according to the 2009 IDSA guidelines, “a BSI is defined 
by positive blood cultures in a patient with systemic 
signs of infection, and may be either secondary to a 
documented source [most often VA-LRTI or catheter-
associated infections] or primary”, and is considered 
ICU-acquired if occurring after ≥ 48  h in the ICU [73]. 
Aerobic and anaerobic blood cultures followed by spe-
cies identification (usually by matrix-assisted laser des-
orption/ionization‐time of flight [MALDI-TOF] mass 
spectrometry) remain the gold standard to identify caus-
ative microorganisms in BSI. Considering the growth 
time requirement for blood culture and the negative 
prognostic impact of a delayed pathogen-adapted anti-
microbial treatment, rapid molecular assays (often based 
on multiplex polymerase chain reaction [mPCR]) have 
recently been developed as rapid alternatives to culture-
based methods [74]. However, most of these syndromic 
mPCR assays do not alleviate the need for prior incuba-
tion, as their diagnostic performance is unacceptably low 
when used directly on whole blood. An inherent limita-
tion of these tools is the limited number of PCR targets 
present in their panels. To this date, a clear demonstra-
tion of the clinical relevance of these molecular methods 
in terms of patient outcomes in the management of BSI 
is lacking.



338

The occurrence of ICU-acquired BSI has been associ-
ated with an increased mortality among unselected criti-
cally ill patients, including in Adrie et  al. [63] (adjusted 
HR 1.40, 95% confidence interval [95%CI] 1.16–1.69), 
Prowle et  al. [65] (adjusted HR 2.89, 95%CI 2.41–3.46), 
and in a retrospective study on 232 ICU-acquired BSI 
episodes among 3247 patients in 12 ICUs in France (odds 
ratio [OR] 3.20, 95%CI 2.30–4.43) [75]. Little data have 
been published on the impact of immunosuppression 
on the association between occurrence of ICU-acquired 
BSI and outcomes. However, in the EUROBACT study, 
Tabah et  al. found that among patients with hospital-
acquired BSI (76% of which were acquired in the ICU), 
immunosuppression was associated with an increased 
mortality risk (OR 2.11, 95%CI 1.40–3.19) [67]. Both in 
the general ICU population [63] and among critically ill 
neutropenic patients [72], inappropriate initial antibiotic 
treatment has been associated with an increased mor-
tality; given the rising prevalence of AMR in ICUs, this 
makes the choice of empirical antibiotic regimens par-
ticularly challenging.

Key points for the management of BSI in critically 
ill patients—not specifically in immunocompromised 
patients—have been recently proposed by experts and 
are summarized here [74]. Both in immunocompromised 
and non-immunocompromised patients, empirical anti-
biotic treatment for suspected ICU-acquired BSI will be 
instructed by individual risk factors for MDR bacteria 
(including prior antibiotic exposure), local ecology, clini-
cal severity (septic shock), the net state of immunosup-
pression (especially the presence of neutropenia) and 
suspected or proven candidemia. In most cases, initial 
empirical regimens will include broad-spectrum antibi-
otics. Novel beta-lactams (and associations with beta-
lactam inhibitors) active against certain MDR bacteria 
can be used empirically in critically ill patients, mostly 
following local ecology. Empirical combination antimi-
crobial therapy—usually associating a beta-lactam and an 
aminoglycoside or a fluoroquinolone—is recommended 
until antibiotic susceptibility testing (AST) results 
become available. However, extending the duration of 
dual therapy after culture results become available is con-
troverted, as several meta-analyses have shown that the 
combination of a beta-lactam and an aminoglycoside did 
not reduce mortality in patients with BSI, including neu-
tropenic patients or those with sepsis, compared to the 
same beta-lactam alone, and might increase the risk of 
acute kidney injury [76–78]. Empirical antifungal treat-
ment with an echinocandin for suspected candidemia 
should be considered in patients with prolonged neu-
tropenia (≥ 7  days), non-resolving fever after initiation 
of broad-spectrum antibiotics, no other source of infec-
tion and risk factors for candidemia (including Candida 

colonization and elevated (1–3)-Beta-D-glucan). It 
should be initiated promptly in neutropenic patients with 
septic shock. Preemptive antifungal treatment has been 
defined as a treatment initiated in patients with elevated 
fungal biomarkers, and is not recommended in non-
neutropenic patients [79]. Failure to achieve source con-
trol has been clearly associated with increased mortality 
[67, 68], and removal of central lines should be imme-
diate in patients with septic shock. Therapeutic drug 
monitoring is recommended for vancomycin, aminogly-
cosides and polymyxins, and could be useful for beta-
lactams. Prompt de-escalation should be a cornerstone of 
antibiotic stewardship for all patients [80, 81]. Classically, 
it has been advised to continue antibiotics until evidence 
of bone marrow recovery in febrile high-risk neutropenic 
patients (until the neutrophils count is  > 500 cells/μL) 
[82]; however, recent studies have suggested that it is safe 
to discontinue antibiotics in patients who remain neutro-
penic but have been afebrile for several days (usually 3–7 
days) and in whom no source of infection has been found 
[83, 84].

Ventilator‑associated lower respiratory tract 
infections, including ventilator‑associated 
pneumonia and tracheobronchitis
Recent studies have investigated the incidence of VA-
LRTI in immunocompromised patients. In an ancillary 
analysis of an international prospective cohort study 
(2960 patients, including 662 immunocompromised 
in 114 ICUs), the 28-day cumulative incidence of VA-
LRTI was significantly lower in immunocompromised 
than in non-immunocompromised patients (16.6% vs. 
24.2%, sub-hazard ratio [sHR] 0.65, 95%CI 0.53–0.80) 
[7]. Similar results were obtained when considering VAT 
(7.3% vs. 11.6%) and VAP (9.3% vs. 12.7%) separately, 
and these estimates are in line with previous reports on 
lung and liver transplant patients [85, 86]. Furthermore, 
in a recent retrospective analysis of two large cohorts 
(n = 854 immunocompromised patients), Bayon et  al. 
have shown that patients with hematologic malignancies 
(n = 162) had a lower 28-day cumulative incidence of VA-
LRTI than patients with other types of immunosuppres-
sion (13.6% vs. 20.1%, adjusted cause-specific HR [cHR] 
0.61, 95%CI 0.37–0.97), mostly due to a lower incidence 
of VAP (9.3% vs. 13.9%) [54].

Most cases of VAP and VAT are attributed to bacterial 
pathogens [87], both in the general non-immunocompro-
mised population [88] and among immunocompromised 
patients [7, 54, 85, 86]. Most cases (50–80%) of bacterial 
VA-LRTI in immunocompromised patients are caused by 
Gram-negative bacteria, including non-fermenting bacilli 
(Pseudomonas aeruginosa, Acinetobacter baumannii) and 
Enterobacterales (Escherichia coli, Klebsiella pneumonia 
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and other less common species), which is concerning 
because the resistance rate of these bacteria has been 
rising. In the study by Moreau et al., the proportion VA-
LRTI cases attributed to MDR bacteria was significantly 
higher among immunocompromised than among non-
immunocompromised patients (72% vs. 59% of VA-LRTI 
episodes, OR 1.75, 95%CI 1.13–2.71), but in view of the 
lower incidence of VA-LRTI in immunocompromised 
patients, the cumulative incidence of VA-LRTI related 
to MDR bacteria was in fact comparable between groups 
(12.5% vs. 14.7%) [7]. Staphylococcus aureus is the most 
frequently encountered Gram-positive pathogen respon-
sible for VAP [88], but the proportion of cases attributed 
to methicillin-resistant strains (MRSA) is low (~ 2%) [66, 
89]. Immunocompromised patients are at higher risk 
of VAP related to fungi and viruses (described below). 
Invasive pulmonary aspergillosis is a special concern in 
this population, but its exact prevalence is difficult to 
ascertain, because formal diagnostic criteria are lacking. 
Candida spp. is not usually considered pathogenic when 
isolated in respiratory secretions.

There are no specific diagnostic criteria for VAP and 
VAT in immunocompromised patients [10]. The diagno-
sis of VAP is based on the association of signs and symp-
toms of respiratory tract infection in patients who have 
been on invasive mechanical ventilation for ≥ 48 h, have 
a positive semi-quantitative  result from a lower respira-
tory microbiological sample  (above specific thresholds) 
and a new infiltrate on chest imaging [90, 91]. The diag-
nosis of VAT is based on the same clinical and micro-
biological criteria in the absence of a new radiologic 
infiltrate. One of the main challenges of VAP diagnosis in 
immunocompromised patients lies in confirming infec-
tion and ruling out a large set of  differential diagnoses, 
including neoplastic infiltration of the lung, pulmonary 
toxicities of anti-cancer treatments, fluid overload or 
intra-alveolar hemorrhage [2, 8]. European guidelines 
advocate for the use of fiber optic bronchoscopy (FOB) 
with bronchoalveolar lavage (BAL) to obtain high-quality 
microbiological samples [91], while American guidelines 
support obtaining endotracheal aspirates (ETA) [90]. Of 
note, a randomized controlled trial on 219 critically ill 
cancer patients with acute respiratory failure (ARF) did 
not find differences in the rate of adverse events and 
successful microbiological documentation (except for 
Pneumocystis pneumonia) when comparing these two 
diagnostic modalities [92]. Rapid mPCR-based syndro-
mic panels have been endorsed by recent guidelines on 
severe community-acquired pneumonia (CAP)[93], but 
not on hospital‐acquired pneumonia (HAP)/VAP. A 
recent trial conducted on 208 inpatients with pneumonia 
(including 48 HAP cases and 51 patients with immuno-
suppression) found that an mPCR test run on BAL was 

effective at reducing the duration of inappropriate anti-
biotic therapy [94]. As mentioned, an inherent limitation 
of mPCR panels is their limited number of targets, mak-
ing them probably less useful for ICU-acquired than for 
community-acquired infections. Further trials on HAP 
and VAP are ongoing to evaluate their impact on antibi-
otic prescribing [95].

Current European and American guidelines on VAP 
consider immunosuppression as a risk factor for MDR 
bacteria. Even if this likely reflects the role of confound-
ing factors (e.g., previous hospitalization or antibiotic 
exposure) more than a truly causal association, these 
guidelines recommend using a combination of broad-
spectrum antibiotics, including a beta-lactam with 
activity against Pseudomonas aeruginosa, for empirical 
treatment of VAP in immunocompromised patients [90, 
91]. However, solid data on the microbiology and treat-
ment modalities of VAP in this population are lacking. 
The choice of an empirical regimen should be based on 
the criteria that apply to other ICU-acquired bacterial 
infections, including local ecology.

Antibiotic resistance in critically ill 
immunocompromised patients
There is a dominant view in the literature that immuno-
compromised patients might present a high risk of colo-
nization and/or infection with MDR bacteria, and recent 
guidelines or expert reviews on BSI, CAP and HAP/
VAP advocate for the use of broad-spectrum antibiot-
ics as empirical treatment in this population. To move 
away from a strict microbiological definition of resist-
ance, it has been suggested to replace the term ‘MDR’ by 
the more clinically relevant concept of ‘difficult-to-treat’ 
(DTR), as ‘DTR pathogens’ refer to microorganisms that 
are resistant to multiple antimicrobial agents, and thus 
challenging to eradicate with ‘standard’ (first-line) anti-
biotic or antifungal agents. While numerous studies have 
sought to assess the burden of AMR in immunocompro-
mised patients (see reviews in [96, 97]), most have not 
focused on ICU patients, have not included a control 
group of non-immunocompromised patients, and have 
not taken into account important confounding factors in 
statistical analyses.

In a single-center case–control study conducted to 
investigate the independent association of immunosup-
pression with AMR in  the ICU, immunosuppression 
was only associated with ICU-acquired colonization and 
infection with MDR bacteria in univariate analysis, but 
not in multivariate analysis after adjustment for antibiotic 
exposure prior to and during ICU stay [98]. In the CIM-
DREA study, an observational prospective multicenter 
cohort study in France, we found that the incidence of 
ICU-acquired colonization with MDR bacteria was in 
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fact lower in immunocompromised vs. non-immuno-
compromised patients (adjusted sHR 0.56, 95%CI 0.40–
0.79), but the incidence of ICU-acquired infection with 
MDR bacteria was not significantly different between 
groups (adjusted sHR 0.59, 95%CI 0.33–1.05) [9]. This 
was also true when focusing on BSI and VAP related to 
MDR bacteria (28-day cumulative incidence of BSI 16.7% 
vs. 21.3% and VAP 33.3% vs. 38.3% in immunocompro-
mised vs. non-immunocompromised patients, respec-
tively). This is in line with the report by Moreau et  al., 
where the cumulative incidence of VA-LRTI cases attrib-
uted to MDR strains was similar in the two patient popu-
lations [7], and with a retrospective monocentric study 
on ICU-acquired BSI in immunocompromised patients 
[55].

Multiple factors could modulate the risk of ICU-
acquired colonization and infection with MDR bacteria 
in immunocompromised patients—including exposure 
to antibiotics (especially if broad-spectrum), contact 
precautions and isolation measures, and the net state 
of immunosuppression—and further studies are neces-
sary to better understand the dynamics of AMR in this 
population.

Viral infections
ICU-acquired viral infections can be secondary either 
to in-hospital acquisition, or to the reactivation of latent 
viruses [8]. The most common viruses encountered in 
immunocompromised ICU patients are shown in Table 2. 
Among them, influenza and parainfluenza viruses, 
human metapneumovirus, coronaviruses, adenoviruses, 
RSV and rhinoviruses belong to the ‘core’ respiratory viral 
pathogens that may cause CAP and HAP/VAP in immu-
nocompromised patients [99]. For example, rhinoviruses/
enteroviruses are increasingly detected among critically 
ill patients with hematologic malignancies (56%  in ref-
erence [100]), and parainfluenza virus-3 and RSV have 
been reported in 71% and 12% of hematopoietic stem cell 
transplant (HSCT) patients, respectively [101, 102]. The 
Herpesviridae family is responsible for reactivation under 
various conditions associated with immunosuppression, 
and among them, CMV reactivation in respiratory secre-
tions is common in patients under invasive mechanical 
ventilation (IMV). However, randomized controlled tri-
als of CMV treatment have not demonstrated a benefit 
in terms of mortality or ICU length-of-stay in this pop-
ulation [103]. Significant CMV viremia (for which there 
is not established cut-off), presence of retinitis, positive 
tissue pathology or a positive PCR assay from BAL/tis-
sue are indicators of disseminated CMV infection, which 
requires prompt treatment [104].

The diagnosis of viral infections in immunocompro-
mised hosts relies mostly on PCR-based tests, some of 

them integrated in mPCR assays. In case of suspected 
LRTI, the recommended first-line diagnostic assay is 
an mPCR assay for respiratory viruses performed on a 
nasopharyngeal swab (or another non-invasive sample), 
which should be complemented by a BAL sample in cases 
of high clinical suspicion with a negative first-line test. In 
immunocompromised patients with pneumonia, swabs 
of vesicular or ulcerated skin lesions should be collected 
for viral PCR and cultures, as HSV- or varicella zoster 
virus (VZV)-positivity of skin lesions is highly correlated 
with HSV or VZV pneumonia [99]. Quantitative PCR for 
CMV in plasma should be obtained in high clinical sus-
picion. Of note, a negative plasma PCR does not exclude 
tissue-invasive CMV disease, especially in patients with 
CMV pneumonia, gastrointestinal disease, or retinitis 
[105, 106]. Conversely, a low viral load can be associated 
with non-specific CMV reactivation in the context of any 
acute illness. Quantitative PCR in BAL can differentiate 
between CMV pneumonia (high viral load) and CMV 
reactivation (shedding without pneumonia,  low viral 
load). However, there is no validated diagnostic thresh-
old to distinguish these two conditions. Of note, in lung 
transplant recipients, CMV viral load in BAL provides 
higher diagnostic accuracy compared to plasma CMV 
viral load [104].

Empirical therapy should be extended to cover the 
possibility of VZV pneumonia in patients with bilateral 
reticulonodular infiltrates and an accompanying vesicu-
lar rash (addition of IV acyclovir 10–15  mg/kg IV t.i.d. 
to the initial empirical regimen) [99]. Empirical therapy 
should to be extended to cover CMV pneumonitis in 
patients with bilateral interstitial pneumonia after a 
recent lung transplant or HSCT (ganciclovir 5  mg/kg 
IV b.d., dose adjusted for renal dysfunction) [99]. Corti-
costeroid use in viral syndromes has been controversial 
and should be used only in evidence-based indications 
(i.e., SARS-CoV-2 infection [107]). Lack of response to 
treatment (where specific treatment is available) and/or 
relapsing viral disease should prompt suspicion of lack of 
viral clearance and/or resistance to the treating agent.

Invasive fungal infections
Invasive fungal infections may develop in both immuno-
compromised and non-immunocompromised critically 
ill patients, mainly related to Candida and Aspergillus 
species, whereas alternative yeasts and molds are less 
commonly acquired in the ICU.

Invasive candidiasis is defined by the isolation of 
Candida spp. from sterile sites and encompasses both 
candidemia and deep-seated candidiasis. A number of 
patient- and treatment-related risk factors are associ-
ated with further development of invasive candidiasis in 
critically ill patients. Invasive candidiasis is commonly 
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preceded by multisite colonization. Candidemia results 
from digestive translocation or catheter-related infection, 
and imposes additional investigations by echocardiogra-
phy and fundoscopic eye examination to rule out asso-
ciated endocarditis and endophthalmitis. Deep-seated 
candidiasis is usually related to the disruption of ana-
tomical digestive barriers, resulting in peritonitis (per-
forative sus-mesocolic peritonitis or tertiary peritonitis) 
or infections of pseudocysts complicating pancreatitis. 
Candiduria is usually considered as colonization, but may 
occasionally reflect pyelonephritis in kidney transplant 
recipients. The epidemiology of candidiasis is switching 
toward an increased prevalence of non-albicans strains, 
largely driven by previous exposure to antifungals, as 
observed in patients with hematologic malignancies [108, 
109]. Regardless of the underlying immune status [108, 
110], the overall mortality associated with ICU-acquired 
candidemia is about 50% [109]. The treatment of invasive 
candidiasis relies on antifungal treatment associated with 
source control (surgery, removal of intravascular cath-
eters). Guidelines in neutropenic and non-neutropenic 
patients concur to primary echinocandin treatment, 
with subsequent assessment of de-escalation toward 
azoles antifungals whenever possible [79, 111]. Use of 
echinocandins as first-line agents is justified in high-risk 
immunocompromised patients (especially those with 
hematological malignancies) who receive antifungal 
prophylaxis with azoles, as emergence of Candida strains 
resistant to azoles has been described as a result of these 
prophylactic regimens [112, 113]. Of note, Mucorales 
infections should be considered in patients under azoles 
prophylaxis who develop an invasive mold infection.

Aspergillus is an airborne fungus which primarily 
affects the respiratory tract of patients with defective 
systemic or local antifungal immunity. Extra-pulmonary 
involvement may occasionally occur due to bloodborne 
dissemination. Invasive pulmonary aspergillosis (IPA) 
exhibits two different angio-invasive and airway-inva-
sive clinical presentations, resulting from phagocyto-
sis defects (prolonged neutropenia following intensive 
chemotherapy in acute leukemia or allo-HSCT recipi-
ents) and cellular immunodepression (e.g., solid organ 
transplantation, prolonged corticosteroid treatment, allo-
HSCT with graft-versus-host disease [GVHD]), respec-
tively [114]. Besides, new situations at risk have emerged 
among critically ill patients, including sepsis, COPD and 
the acute respiratory distress syndrome (ARDS), espe-
cially in the setting of corticosteroid treatment prior to or 
during ICU stay [115–117]. Pulmonary aspergillosis has 
been described as a complication of severe viral pneu-
monia, namely influenza-associated pulmonary aspergil-
losis (IAPA) [115] and COVID-19-associated pulmonary 
aspergillosis (CAPA) [116], albeit with a highly variable 

reported incidence. The diagnosis of IPA is based on the 
EORTC/MSG criteria that define proven invasive asper-
gillosis if there is  histologic proof of fungal tissue inva-
sion, or alternatively probable or possible, depending 
on the combination of predisposing immunodeficiency, 
clinical or radiological factors and microbiological find-
ings [118]. The observation that IPA might affect patients 
devoid of classical risk factors led to extending defini-
tions, all derived from the AspICU algorithm in critically 
ill patients [119]. In contrast with the classical EORTC/
MSG criteria, those ICU-adapted diagnostic algorithms 
are initiated when Aspergillus is retrieved from tracheo-
bronchial samples, and include the specific entities of 
IAPA and CAPA [120]. Of note, the AspICU diagnostic 
algorithm requires a positive Aspergillus culture; how-
ever this is not essential in subsequent algorithms. In a 
single-center prospective cohort study on 110 patients, 
Aspergillus BAL culture was only positive in 58% of the 
21 patients with histology-proven IPA [121]. The diag-
nostic performance of mycological biomarkers is highly 
dependent on the clinical situation [122]. The sensitivity 
of serum antigen galactomannan in IPA is about 70% in 
neutropenic patients, but remains below 20% in non-
neutropenic critically ill patients. In critically ill patients, 
the sensitivity is much higher in the BAL fluid [121, 123]. 
(1–3)-Beta-D-glucan is a pan-fungal biomarker with lim-
ited sensitivity and specificity but interesting negative 
predictive value [124]. Regardless of underlying condi-
tions, azoles antifungals active on Aspergillus (voricona-
zole or isavuconazole) are recommended as first-line 
treatment of IPA. Aspergillus resistance to voriconazole 
is emerging, owing to the widespread environmental use 
of pesticides. Preventive measures comprise air filtration 
in ICUs and prophylactic antifungal treatment with posa-
conazole in immunocompromised patients at high-risk of 
IPA, including patients with acute leukemia or allogeneic 
HSCT [125]. For critically ill patients with other types of 
immunosuppression, the demonstration of a clinical ben-
efit of prophylactic antifungal treatments remains elusive.

Future lines of research
Important knowledge gaps still exist in the epidemiol-
ogy, pathophysiology, diagnosis and management of 
ICU-acquired infections among immunocompromised 
patients, and we envision that future research efforts will 
focus on the following questions:

1)	 How can we assess the degree and nature of immu-
nosuppression among critically ill patients in a repro-
ducible, affordable and longitudinal manner? As we 
have discussed, existing biomarkers of immunosup-
pression (e.g., lymphopenia [24], HLA-DR [25]) have 
important limitations, and there is no validated way 
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of assessing the ‘net state of immunosuppression’ of 
individual critically ill patients at the bedside [26]. 
Much effort has been invested to develop transcrip-
tomics tools to better characterize the immune sys-
tem of ICU patients, but solid clinical data on their 
use are lacking [126, 127].

2)	 Can we gain a more precise understanding of the epi-
demiology of ICU-acquired infections—namely their 
risk factors, incidence, microbiology and associated 
outcomes—among immunocompromised patients?

3)	 What is the role of the normal microbiota in pre-
venting ICU-acquired infections? This should be dis-
sected mechanistically in pre-clinical models, and the 
potential impact of strategies to modulate this flora 
(pre-/probiotics, FMT, SDD) in immunocompro-
mised patients should be investigated in randomized 
trials. In the same line, more data on the association 
between these strategies and the prevalence of AMR 
should be collected.

4)	 How can we improve the diagnosis of ICU-acquired 
infections? The classical diagnostic microbiology 
workflow still mostly relies on techniques invented 
in the early twentieth century, and it is likely that 
antimicrobial stewardship could be enhanced if the 
diagnosis of infection was faster, cheaper and more 
accurate. This could in turn lead to improved out-
comes at the individual level, and a lower burden of 
AMR at the community level. New molecular assays 
have demonstrated a positive impact on antibiotic 
exposure among inpatients with pneumonia [94], and 
their clinical utility among immunocompromised 
ICU patients needs to be further evaluated.

5)	 Can we use ‘immunosuppression biomarkers’ to 
design clinical trials of immune-stimulating therapies 
in a precision medicine framework? Several clini-
cal trials have attempted to reverse ICU-acquired 
immune deficiency using immune agonists (e.g., 
granulocyte macrophage-colony stimulating factor 
[GM-CSF] [128], IFN-gamma [129, 130]), but have 
failed to demonstrate a positive impact on patient-
centered outcomes, which could be related to a fail-
ure to specifically target subpopulations of patients 
with a higher likelihood of response to these drugs. 
We envision that better diagnostic tools could enable 
predictive enrichment of such trials [131], and help 
assess the effectiveness of immunomodulating strat-
egies to prevent the occurrence of ICU-acquired 
infections among critically immunocompromised 
patients [22, 23, 132].

Table 3 offers ten suggestions of studies that could be 
conducted in the upcoming years to enrich the knowl-
edge base in this field.

Conclusion
Immunocompromised patients account for an increasing 
proportion of ICU patients and form a highly heteroge-
neous patient population. Recent data have challenged 
the common assumption that immunocompromised 
patients are at higher risk of ICU-acquired infections in 
general, and with MDR bacteria in particular. However, 
these patients remain prone to opportunistic infections 
in the ICU, including viral and fungal infections. Future 
research efforts should focus on the epidemiology of 

Table 3  Potential future studies on ICU-acquired infections in immunocompromised patients

Incidence of ICU-acquired colonization and infection with MDR bacteria in immunocompromised patients (in comparison to non-immunocompro‑
mised patients) [9]

Incidence, risk factors and outcomes of invasive pulmonary aspergillosis in ventilator-associated pneumonia (in immunocompromised and non-immu‑
nocompromised patients) [133]

Impact of novel multiplex PCR-based assays for the diagnosis of ICU-acquired invasive fungal infections in immunocompromised patients

Impact of multiplex PCR-based diagnostic assays on antibiotic stewardship in ICU-acquired and ventilator-associated pneumonia in immunocompro‑
mised patients [95]

Microbiological yield of metagenomic sequencing in cases of ICU-acquired and ventilator-associated pneumonia with negative microbiology (in immu‑
nocompromised and non-immunocompromised patients)

Impact of probiotics (or fecal microbiota transplantation) on the incidence of ICU-acquired colonization and infection with MDR bacteria in immuno‑
compromised patients [134]

Predictive value of gut microbiota perturbations on the risk of ICU-acquired infections in immunocompromised patients

Prospective evaluation of a PCR-based assay of an immune-related transcriptomics signature to predict ICU-acquired infections in immunocompro‑
mised patients

Impact of immune-enhancing treatments administered to mechanically ventilated patients stratified on immunosuppression biomarkers (e.g., low 
HLA-DR expression on monocytes) to prevent or to treat VAP [135]

Evaluation of de-escalation of empirical antifungal treatment of ICU-acquired infections with negative microbiology in immunocompromised 
patients (especially neutropenic patients)
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ICU-acquired infections among immunocompromised 
patients, the role of the normal microbiota, improved 
tools for microbiological diagnosis and  for the assess-
ment of immune function at the bedside, and immu-
nomodulating agents to prevent ICU-acquired infections 
in this population.

Author details
1 Department of Intensive Care Medicine, Imperial College Healthcare 
NHS Trust, London, UK. 2 Centre for Antimicrobial Optimisation, Depart‑
ment of Infectious Disease, Faculty of Medicine, Imperial College London, 
London W12 0HS, UK. 3 Service de Médecine Intensive‑Réanimation, Hôpitaux 
Universitaires de Strasbourg, Nouvel Hôpital Civil, 1, Place de l’Hôpital, 
67091 Strasbourg Cedex, France. 4 ImmunoRhumatologie Moléculaire, INSERM 
UMR_S1109, LabEx TRANSPLANTEX, Centre de Recherche d’Immunologie 
et d’Hématologie, Faculté de Médecine, Fédération de Médecine Transla‑
tionnelle de Strasbourg (FMTS), Fédération Hospitalo-Universitaire (FHU) 
OMICARE, Université de Strasbourg (UNISTRA), Strasbourg, France. 5 Depart‑
ment of Intensive Care Medicine, Multidisciplinary Intensive Care Research 
Organization (MICRO), Leinster D08NYH1, Dublin, Ireland. 6 Pulmonary 
Intensive Care Unit, Respiratory Institute, Hospital Clinic of Barcelona, IDIBAPS 
(Institut d’Investigacions Biomèdiques August Pi i Sunyer), University of Bar‑
celona, ICREA CIBERes, 08380 Barcelona, Spain. 7 D’Or Institute for Research 
and Education (IDOR), Rua Diniz Cordeiro, 30, Rio de Janeiro, RJ 22281‑100, 
Brazil. 8 Third Department of Internal Medicine, School of Medicine, National 
and Kapodistrian University of Athens, Sotiria General Hospital, Athens, Greece. 
9 Médecine Intensive‑Réanimation, Hôpital Cochin, Assistance Publique–Hôpi‑
taux de Paris, Université Paris Cité, Paris, France. 10 Institut Cochin, INSERM 
U1016, CNRS UMR8104, Université Paris Cité, Paris, France. 11 Médecine 
Intensive‑Réanimation, CHU de Lille, 59000 Lille, France. 12 Inserm U1285, 
Université de Lille, CNRS, UMR 8576-UGSF, 59000 Lille, France. 

Acknowledgements
The authors would like to thank Mehdi Mezidi for his critical appraisal of the 
manuscript.

Author contributions
Study conception and design: LK and SN. Statistical analysis: not applicable. 
Data curation: all authors. Manuscript drafting: all authors. Critical revision: all 
authors.

Funding
There was no specific funding for this study.

Availability of data and materials
Not applicable.

Declarations

Conflicts of interest
LK has received speaking fees and a research scholarship from BioMérieux, 
and has been employed by Transgene. JH has received honoraria for lectures 
from Diagnostica Stago, Pfizer PFE France, Sanofi Aventis France, Inotrem, 
MSD, Octapharma and Shionogi. IML, JS, and GP have no conflict of interest 
related to this work. FP has received speaking fees and consultancy honoraria 
from Gilead and Alexion, and is a member of the steering committee in a 
study to assess an immune diagnostic test developed by bioMérieux. SN has 
received speaking fees from MSD, Pfizer, BioMérieux, Fischer and Paykel, and 
Medtronic.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds exclusive 
rights to this article under a publishing agreement with the author(s) or other 
rightsholder(s); author self-archiving of the accepted manuscript version of 

this article is solely governed by the terms of such publishing agreement and 
applicable law.

Received: 13 October 2023   Accepted: 25 November 2023
Published: 10 January 2024

References
	 1.	 Azoulay E, Schellongowski P, Darmon M et al (2017) The Inten‑

sive Care Medicine research agenda on critically ill oncology and 
hematology patients. Intensive Care Med. https://​doi.​org/​10.​1007/​
s00134-​017-​4884-z

	 2.	 Azoulay E, Pickkers P, Soares M et al (2017) Acute hypoxemic respiratory 
failure in immunocompromised patients: the Efraim multinational 
prospective cohort study. Intensive Care Med 43:1808–1819. https://​
doi.​org/​10.​1007/​s00134-​017-​4947-1

	 3.	 Zampieri FG, Romano TG, Salluh JIF et al (2021) Trends in clinical pro‑
files, organ support use and outcomes of patients with cancer requiring 
unplanned ICU admission: a multicenter cohort study. Intensive Care 
Med 47:170–179. https://​doi.​org/​10.​1007/​s00134-​020-​06184-2

	 4.	 Torres VBL, Vassalo J, Silva UVA et al (2016) Outcomes in critically ill 
patients with cancer-related complications. PLoS ONE 11:e0164537. 
https://​doi.​org/​10.​1371/​journ​al.​pone.​01645​37

	 5.	 Dumas G, Lemiale V, Rathi N et al (2021) Survival in immunocompro‑
mised patients ultimately requiring invasive mechanical ventilation: 
a pooled individual patient data analysis. Am J Respir Crit Care Med 
204:187–196. https://​doi.​org/​10.​1164/​rccm.​202009-​3575OC

	 6.	 Salluh JIF, de Souza-Dantas VC, Martin-Loeches I et al (2010) Traqueo‑
bronquite associada à ventilação mecânica: uma atualização. Revista 
Brasileira de Terapia Intensiva 31:541–547

	 7.	 Moreau A-S, Martin-Loeches I, Povoa P et al (2018) Impact of immuno‑
suppression on incidence, aetiology and outcome of ventilator-associ‑
ated lower respiratory tract infections. Eur Respir J. https://​doi.​org/​10.​
1183/​13993​003.​01656-​2017

	 8.	 Azoulay E, Russell L, Van de Louw A et al (2020) Diagnosis of severe 
respiratory infections in immunocompromised patients. Intensive Care 
Med 46:298–314. https://​doi.​org/​10.​1007/​s00134-​019-​05906-5

	 9.	 Kreitmann L, Vasseur M, Jermoumi S et al (2023) Relationship between 
immunosuppression and intensive care unit-acquired colonization 
and infection related to multidrug-resistant bacteria: a prospective 
multicenter cohort study. Intensive Care Med. https://​doi.​org/​10.​1007/​
s00134-​022-​06954-0

	 10.	 Kreitmann L, Gaudet A, Nseir S (2023) Ventilator-associated pneumonia 
in immunosuppressed patients. Antibiotics 12:413. https://​doi.​org/​10.​
3390/​antib​iotic​s1202​0413

	 11.	 Tangye SG, Al-Herz W, Bousfiha A et al (2020) Human inborn errors of 
immunity: 2019 update on the classification from the International 
Union of Immunological Societies Expert Committee. J Clin Immunol 
40:24–64. https://​doi.​org/​10.​1007/​s10875-​019-​00737-x

	 12.	 Azoulay E, Mokart D, Kouatchet A et al (2019) Acute respiratory failure 
in immunocompromised adults. Lancet Respir Med 7:173–186. https://​
doi.​org/​10.​1016/​S2213-​2600(18)​30345-X

	 13.	 Russell L, Pène F, Martin-Loeches I (2023) Multidrug-resistant bacteria 
in the grey shades of immunosuppression. Intensive Care Med 
49:216–218. https://​doi.​org/​10.​1007/​s00134-​022-​06968-8

	 14.	 Hensley MK, Donnelly JP, Carlton EF, Prescott HC (2019) Epidemiology 
and outcomes of cancer-related versus non-cancer-related sepsis 
hospitalizations. Crit Care Med 47:1310–1316. https://​doi.​org/​10.​1097/​
CCM.​00000​00000​003896

	 15.	 Rhee C, Wang R, Zhang Z et al (2019) Epidemiology of hospital-onset 
versus community-onset sepsis in U.S. hospitals and association with 
mortality: a retrospective analysis using electronic clinical data. Crit 
Care Med 47:1169–1176. https://​doi.​org/​10.​1097/​CCM.​00000​00000​
003817

	 16.	 van Vught LA, Klouwenberg PMCK, Spitoni C et al (2016) Incidence, risk 
factors, and attributable mortality of secondary infections in the inten‑
sive care unit after admission for sepsis. JAMA 315:1469–1479. https://​
doi.​org/​10.​1001/​jama.​2016.​2691

	 17.	 Schmidt M, Hajage D, Demoule A et al (2021) Clinical characteristics 
and day-90 outcomes of 4244 critically ill adults with COVID-19: a 

https://doi.org/10.1007/s00134-017-4884-z
https://doi.org/10.1007/s00134-017-4884-z
https://doi.org/10.1007/s00134-017-4947-1
https://doi.org/10.1007/s00134-017-4947-1
https://doi.org/10.1007/s00134-020-06184-2
https://doi.org/10.1371/journal.pone.0164537
https://doi.org/10.1164/rccm.202009-3575OC
https://doi.org/10.1183/13993003.01656-2017
https://doi.org/10.1183/13993003.01656-2017
https://doi.org/10.1007/s00134-019-05906-5
https://doi.org/10.1007/s00134-022-06954-0
https://doi.org/10.1007/s00134-022-06954-0
https://doi.org/10.3390/antibiotics12020413
https://doi.org/10.3390/antibiotics12020413
https://doi.org/10.1007/s10875-019-00737-x
https://doi.org/10.1016/S2213-2600(18)30345-X
https://doi.org/10.1016/S2213-2600(18)30345-X
https://doi.org/10.1007/s00134-022-06968-8
https://doi.org/10.1097/CCM.0000000000003896
https://doi.org/10.1097/CCM.0000000000003896
https://doi.org/10.1097/CCM.0000000000003817
https://doi.org/10.1097/CCM.0000000000003817
https://doi.org/10.1001/jama.2016.2691
https://doi.org/10.1001/jama.2016.2691


346

prospective cohort study. Intensive Care Med 47:60–73. https://​doi.​org/​
10.​1007/​s00134-​020-​06294-x

	 18.	 Hadjadj J, Yatim N, Barnabei L et al (2020) Impaired type I interferon 
activity and inflammatory responses in severe COVID-19 patients. Sci‑
ence 369:718–724. https://​doi.​org/​10.​1126/​scien​ce.​abc60​27

	 19.	 Bastard P, Rosen LB, Zhang Q, et al (2020) Autoantibodies against type I 
IFNs in patients with life-threatening COVID-19. Science 370:eabd4585. 
Doi: https://​doi.​org/​10.​1126/​scien​ce.​abd45​85

	 20.	 Walton AH, Muenzer JT, Rasche D et al (2014) Reactivation of Multiple 
Viruses in Patients with Sepsis. PLoS ONE 9:e98819. https://​doi.​org/​10.​
1371/​journ​al.​pone.​00988​19

	 21.	 Venet F, Textoris J, Blein S et al (2022) Immune profiling demonstrates 
a common immune signature of delayed acquired immunodeficiency 
in patients with various etiologies of severe injury. Crit Care Med 
50:565–575. https://​doi.​org/​10.​1097/​CCM.​00000​00000​005270

	 22.	 Hotchkiss RS, Monneret G, Payen D (2013) Sepsis-induced immuno‑
suppression: from cellular dysfunctions to immunotherapy. Nat Rev 
Immunol 13:862–874. https://​doi.​org/​10.​1038/​nri35​52

	 23.	 Venet F, Monneret G (2018) Advances in the understanding and 
treatment of sepsis-induced immunosuppression. Nat Rev Nephrol 
14:121–137. https://​doi.​org/​10.​1038/​nrneph.​2017.​165

	 24.	 Adrie C, Lugosi M, Sonneville R et al (2017) Persistent lymphopenia is a 
risk factor for ICU-acquired infections and for death in ICU patients with 
sustained hypotension at admission. Ann Intensive Care 7:30. https://​
doi.​org/​10.​1186/​s13613-​017-​0242-0

	 25.	 Landelle C, Lepape A, Voirin N et al (2010) Low monocyte human 
leukocyte antigen-DR is independently associated with nosocomial 
infections after septic shock. Intensive Care Med 36:1859–1866. https://​
doi.​org/​10.​1007/​s00134-​010-​1962-x

	 26.	 Monneret G, Venet F (2013) Immune functional testing in clinics. Crit 
Care Med 41:367–368. https://​doi.​org/​10.​1097/​CCM.​0b013​e3182​
70e6a6

	 27.	 Tremblay J-A, Peron F, Kreitmann L et al (2022) A stratification strategy 
to predict secondary infection in critical illness-induced immune dys‑
function: the REALIST score. Ann Intensive Care 12:76. https://​doi.​org/​
10.​1186/​s13613-​022-​01051-3

	 28.	 de Roquetaillade C, Dupuis C, Faivre V et al (2022) Monitoring of circu‑
lating monocyte HLA-DR expression in a large cohort of intensive care 
patients: relation with secondary infections. Ann Intensive Care 12:39. 
https://​doi.​org/​10.​1186/​s13613-​022-​01010-y

	 29.	 Yang JH, Bhargava P, McCloskey D et al (2017) Antibiotic-induced 
changes to the host metabolic environment inhibit drug efficacy and 
alter immune function. Cell Host Microbe 22:757-765.e3. https://​doi.​
org/​10.​1016/j.​chom.​2017.​10.​020

	 30.	 Arulkumaran N, Routledge M, Schlebusch S et al (2020) Antimicrobial-
associated harm in critical care: a narrative review. Intensive Care Med 
46:225–235. https://​doi.​org/​10.​1007/​s00134-​020-​05929-3

	 31.	 Péju E, Llitjos J-F, Charpentier J et al (2021) Impact of blood product 
transfusions on the risk of ICU-acquired infections in septic shock. 
Crit Care Med 49:912–922. https://​doi.​org/​10.​1097/​CCM.​00000​00000​
004887

	 32.	 Rohde JM, Dimcheff DE, Blumberg N et al (2014) Health care-associated 
infection after red blood cell transfusion: a systematic review and meta-
analysis. JAMA 311:1317–1326. https://​doi.​org/​10.​1001/​jama.​2014.​2726

	 33.	 Llitjos J-F, Gassama A, Charpentier J et al (2019) Pulmonary infections 
prime the development of subsequent ICU-acquired pneumonia 
in septic shock. Ann Intensive Care 9:39. https://​doi.​org/​10.​1186/​
s13613-​019-​0515-x

	 34.	 Hooper LV, Littman DR, Macpherson AJ (2012) Interactions between 
the microbiota and the immune system. Science 336:1268–1273. 
https://​doi.​org/​10.​1126/​scien​ce.​12234​90

	 35.	 Belkaid Y, Harrison OJ (2017) Homeostatic Immunity and the Micro‑
biota. Immunity 46:562–576. https://​doi.​org/​10.​1016/j.​immuni.​2017.​04.​
008

	 36.	 Akrami K, Sweeney DA (2018) The microbiome of the critically ill 
patient. Curr Opin Crit Care 24:49–54. https://​doi.​org/​10.​1097/​MCC.​
00000​00000​000469

	 37.	 Haak BW, Levi M, Wiersinga WJ (2017) Microbiota-targeted therapies on 
the intensive care unit. Curr Opin Crit Care 23:167–174. https://​doi.​org/​
10.​1097/​MCC.​00000​00000​000389

	 38.	 Wischmeyer PE, McDonald D, Knight R (2016) Role of the microbiome, 
probiotics, and ‘dysbiosis therapy’ in critical illness. Curr Opin Crit Care 
22:347–353. https://​doi.​org/​10.​1097/​MCC.​00000​00000​000321

	 39.	 Zeng J, Wang C-T, Zhang F-S et al (2016) Effect of probiotics on the inci‑
dence of ventilator-associated pneumonia in critically ill patients: a ran‑
domized controlled multicenter trial. Intensive Care Med 42:1018–1028. 
https://​doi.​org/​10.​1007/​s00134-​016-​4303-x

	 40.	 Hempel S, Newberry SJ, Maher AR et al (2012) Probiotics for the preven‑
tion and treatment of antibiotic-associated diarrhea: a systematic 
review and meta-analysis. JAMA 307:1959–1969. https://​doi.​org/​10.​
1001/​jama.​2012.​3507

	 41.	 Bo L, Li J, Tao T et al (2014) Probiotics for preventing ventilator-associ‑
ated pneumonia. Cochrane Database Syst Rev 10:CD009066. https://​
doi.​org/​10.​1002/​14651​858.​CD009​066.​pub2

	 42.	 Cheema HA, Shahid A, Ayyan M et al (2022) Probiotics for the preven‑
tion of ventilator-associated pneumonia: an updated systematic review 
and meta-analysis of randomised controlled trials. Nutrients 14:1600. 
https://​doi.​org/​10.​3390/​nu140​81600

	 43.	 Kassam Z, Lee CH, Yuan Y, Hunt RH (2013) Fecal microbiota transplanta‑
tion for Clostridium difficile infection: systematic review and meta-anal‑
ysis. Am J Gastroenterol 108:500–508. https://​doi.​org/​10.​1038/​ajg.​2013.​
59

	 44.	 Cammarota G, Ianiro G, Tilg H et al (2017) European consensus confer‑
ence on faecal microbiota transplantation in clinical practice. Gut 
66:569–580. https://​doi.​org/​10.​1136/​gutjnl-​2016-​313017

	 45.	 van Doorn-Schepens MLM, Abis GSA, Oosterling SJ et al (2022) The 
effect of selective decontamination on the intestinal microbiota 
as measured with IS-pro: a taxonomic classification tool applicable 
for direct evaluation of intestinal microbiota in clinical routine. Eur 
J Clin Microbiol Infect Dis 41:1337–1345. https://​doi.​org/​10.​1007/​
s10096-​022-​04483-8

	 46.	 Bos LD, Stips C, Schouten LR et al (2017) Selective decontamination 
of the digestive tract halves the prevalence of ventilator-associated 
pneumonia compared to selective oral decontamination. Intensive 
Care Med 43:1535–1537. https://​doi.​org/​10.​1007/​s00134-​017-​4838-5

	 47.	 Hammond NE, Myburgh J, Seppelt I et al (2022) Association between 
selective decontamination of the digestive tract and in-hospital mortal‑
ity in intensive care unit patients receiving mechanical ventilation: a 
systematic review and meta-analysis. JAMA 328:1922–1934. https://​doi.​
org/​10.​1001/​jama.​2022.​19709

	 48.	 SUDDICU Investigators for the Australian and New Zealand Intensive 
Care Society Clinical Trials Group, Myburgh JA, Seppelt IM et al (2022) 
Effect of selective decontamination of the digestive tract on hospital 
mortality in critically ill patients receiving mechanical ventilation: a 
randomized clinical trial. JAMA 328:1911–1921. https://​doi.​org/​10.​1001/​
jama.​2022.​17927

	 49.	 Massart N, Reizine F, Dupin C et al (2023) Prevention of acquired 
invasive fungal infection with decontamination regimen in mechani‑
cally ventilated ICU patients: a pre/post observational study. Infect Dis 
(Lond) 55:263–271. https://​doi.​org/​10.​1080/​23744​235.​2023.​21704​60

	 50.	 Lionakis MS, Netea MG (2013) Candida and host determinants of sus‑
ceptibility to invasive candidiasis. PLoS Pathog 9:e1003079. https://​doi.​
org/​10.​1371/​journ​al.​ppat.​10030​79

	 51.	 Oksenhendler E, Gérard L, Fieschi C et al (2008) Infections in 252 
patients with common variable immunodeficiency. Clin Infect Dis 
46:1547–1554. https://​doi.​org/​10.​1086/​587669

	 52.	 Roblot F, Godet C, Le Moal G et al (2002) Analysis of underlying diseases 
and prognosis factors associated with Pneumocystis carinii pneumonia 
in immunocompromised HIV-negative patients. Eur J Clin Microbiol 
Infect Dis 21:523–531. https://​doi.​org/​10.​1007/​s10096-​002-​0758-5

	 53.	 Monneret G, Venet F, Kullberg B-J, Netea MG (2011) ICU-acquired immu‑
nosuppression and the risk for secondary fungal infections. Med Mycol 
49(Suppl 1):S17-23. https://​doi.​org/​10.​3109/​13693​786.​2010.​509744

	 54.	 Bayon C, Kreitmann L, Martin-Loeches I, et al (2023) Association 
between type of immunosuppression and the incidence, microbiology 
and outcomes of ventilator-associated lower respiratory tract infec‑
tions: a retrospective multicenter study. Under review 

	 55.	 Zebian G, Kreitmann L, Houard M, et al (2023) Immunosuppression 
at ICU admission is not associated with a higher incidence of ICU-
acquired bloodstream infections: the COCONUT study. Under review

https://doi.org/10.1007/s00134-020-06294-x
https://doi.org/10.1007/s00134-020-06294-x
https://doi.org/10.1126/science.abc6027
https://doi.org/10.1126/science.abd4585
https://doi.org/10.1371/journal.pone.0098819
https://doi.org/10.1371/journal.pone.0098819
https://doi.org/10.1097/CCM.0000000000005270
https://doi.org/10.1038/nri3552
https://doi.org/10.1038/nrneph.2017.165
https://doi.org/10.1186/s13613-017-0242-0
https://doi.org/10.1186/s13613-017-0242-0
https://doi.org/10.1007/s00134-010-1962-x
https://doi.org/10.1007/s00134-010-1962-x
https://doi.org/10.1097/CCM.0b013e318270e6a6
https://doi.org/10.1097/CCM.0b013e318270e6a6
https://doi.org/10.1186/s13613-022-01051-3
https://doi.org/10.1186/s13613-022-01051-3
https://doi.org/10.1186/s13613-022-01010-y
https://doi.org/10.1016/j.chom.2017.10.020
https://doi.org/10.1016/j.chom.2017.10.020
https://doi.org/10.1007/s00134-020-05929-3
https://doi.org/10.1097/CCM.0000000000004887
https://doi.org/10.1097/CCM.0000000000004887
https://doi.org/10.1001/jama.2014.2726
https://doi.org/10.1186/s13613-019-0515-x
https://doi.org/10.1186/s13613-019-0515-x
https://doi.org/10.1126/science.1223490
https://doi.org/10.1016/j.immuni.2017.04.008
https://doi.org/10.1016/j.immuni.2017.04.008
https://doi.org/10.1097/MCC.0000000000000469
https://doi.org/10.1097/MCC.0000000000000469
https://doi.org/10.1097/MCC.0000000000000389
https://doi.org/10.1097/MCC.0000000000000389
https://doi.org/10.1097/MCC.0000000000000321
https://doi.org/10.1007/s00134-016-4303-x
https://doi.org/10.1001/jama.2012.3507
https://doi.org/10.1001/jama.2012.3507
https://doi.org/10.1002/14651858.CD009066.pub2
https://doi.org/10.1002/14651858.CD009066.pub2
https://doi.org/10.3390/nu14081600
https://doi.org/10.1038/ajg.2013.59
https://doi.org/10.1038/ajg.2013.59
https://doi.org/10.1136/gutjnl-2016-313017
https://doi.org/10.1007/s10096-022-04483-8
https://doi.org/10.1007/s10096-022-04483-8
https://doi.org/10.1007/s00134-017-4838-5
https://doi.org/10.1001/jama.2022.19709
https://doi.org/10.1001/jama.2022.19709
https://doi.org/10.1001/jama.2022.17927
https://doi.org/10.1001/jama.2022.17927
https://doi.org/10.1080/23744235.2023.2170460
https://doi.org/10.1371/journal.ppat.1003079
https://doi.org/10.1371/journal.ppat.1003079
https://doi.org/10.1086/587669
https://doi.org/10.1007/s10096-002-0758-5
https://doi.org/10.3109/13693786.2010.509744


347

	 56.	 Stansell JD, Osmond DH, Charlebois E et al (1997) Predictors of Pneumo-
cystis carinii pneumonia in HIV-infected persons. Pulmonary complica‑
tions of HIV infection study group. Am J Respir Crit Care Med 155:60–66. 
https://​doi.​org/​10.​1164/​ajrccm.​155.1.​90012​90

	 57.	 Stern A, Green H, Paul M et al (2014) Prophylaxis for Pneumocystis 
pneumonia (PCP) in non-HIV immunocompromised patients. Cochrane 
Database Syst Rev. https://​doi.​org/​10.​1002/​14651​858.​CD005​590.​pub3

	 58.	 Saral R, Burns WH, Laskin OL et al (1981) Acyclovir prophylaxis of 
herpes-simplex-virus infections. N Engl J Med 305:63–67. https://​doi.​
org/​10.​1056/​NEJM1​98107​09305​0202

	 59.	 Saral R, Ambinder RF, Burns WH et al (1983) Acyclovir prophylaxis 
against herpes simplex virus infection in patients with leukemia. A 
randomized, double-blind, placebo-controlled study. Ann Intern Med 
99:773–776. https://​doi.​org/​10.​7326/​0003-​4819-​99-6-​773

	 60.	 Wang B, Briegel J, Krueger WA et al (2022) Ecological effects of selective 
oral decontamination on multidrug-resistance bacteria acquired in the 
intensive care unit: a case-control study over 5 years. Intensive Care 
Med 48:1165–1175. https://​doi.​org/​10.​1007/​s00134-​022-​06826-7

	 61.	 Wingard JR, Eldjerou L, Leather H (2012) Use of antibacterial prophylaxis 
in patients with chemotherapy-induced neutropenia. Curr Opin Hema‑
tol 19:21–26. https://​doi.​org/​10.​1097/​MOH.​0b013​e3283​4da9bf

	 62.	 Bow EJ (2011) Fluoroquinolones, antimicrobial resistance and neutro‑
penic cancer patients. Curr Opin Infect Dis 24:545–553. https://​doi.​org/​
10.​1097/​QCO.​0b013​e3283​4cf054

	 63.	 Adrie C, Garrouste-Orgeas M, Ibn Essaied W et al (2017) Attributable 
mortality of ICU-acquired bloodstream infections: impact of the source, 
causative micro-organism, resistance profile and antimicrobial therapy. 
J Infect 74:131–141. https://​doi.​org/​10.​1016/j.​jinf.​2016.​11.​001

	 64.	 Gouel-Cheron A, Swihart BJ, Warner S et al (2022) Epidemiology of 
ICU-onset bloodstream infection: prevalence, pathogens, and risk 
factors among 150,948 ICU patients at 85 U.S. Hospitals*. Crit Care Med 
50:1725–1736. https://​doi.​org/​10.​1097/​CCM.​00000​00000​005662

	 65.	 Prowle JR, Echeverri JE, Ligabo EV et al (2011) Acquired bloodstream 
infection in the intensive care unit: incidence and attributable mortality. 
Crit Care 15:R100. https://​doi.​org/​10.​1186/​cc101​14

	 66.	 Vincent J-L, Sakr Y, Singer M et al (2020) Prevalence and outcomes 
of infection among patients in intensive care units in 2017. JAMA 
323:1478–1487. https://​doi.​org/​10.​1001/​jama.​2020.​2717

	 67.	 Tabah A, Koulenti D, Laupland K et al (2012) Characteristics and 
determinants of outcome of hospital-acquired bloodstream infec‑
tions in intensive care units: the EUROBACT International Cohort 
Study. Intensive Care Med 38:1930–1945. https://​doi.​org/​10.​1007/​
s00134-​012-​2695-9

	 68.	 Tabah A, Buetti N, Staiquly Q et al (2023) Epidemiology and outcomes 
of hospital-acquired bloodstream infections in intensive care unit 
patients: the EUROBACT-2 international cohort study. Intensive Care 
Med 49:178–190. https://​doi.​org/​10.​1007/​s00134-​022-​06944-2

	 69.	 European Centre for Disease Prevention and Control (2023) Annual 
Epidemiological Report for 2019 – Healthcareassociated infections 
acquired in intensive care units. European Centre for Disease Preven‑
tion and Control

	 70.	 Laporte-Amargos J, Sastre E, Bergas A et al (2023) Increasing gram-
negative catheter-related bloodstream infection in cancer patients. 
Pathogens 12:228. https://​doi.​org/​10.​3390/​patho​gens1​20202​28

	 71.	 Islas-Muñoz B, Volkow-Fernández P, Ibanes-Gutiérrez C et al (2018) 
Bloodstream infections in cancer patients. Risk factors associated with 
mortality. Int J Infect Dis 71:59–64. https://​doi.​org/​10.​1016/j.​ijid.​2018.​03.​
022

	 72.	 Chumbita M, Puerta-Alcalde P, Gudiol C et al (2022) Impact of empiri‑
cal antibiotic regimens on mortality in neutropenic patients with 
bloodstream infection presenting with septic shock. Antimicrob Agents 
Chemother 66:e01744-e1821. https://​doi.​org/​10.​1128/​AAC.​01744-​21

	 73.	 Mermel LA, Allon M, Bouza E et al (2009) Clinical practice guidelines for 
the diagnosis and management of intravascular catheter-related infec‑
tion: 2009 update by the Infectious Diseases Society of America. Clin 
Infect Dis 49:1–45. https://​doi.​org/​10.​1086/​599376

	 74.	 Timsit J-F, Ruppé E, Barbier F et al (2020) Bloodstream infections in criti‑
cally ill patients: an expert statement. Intensive Care Med 46:266–284. 
https://​doi.​org/​10.​1007/​s00134-​020-​05950-6

	 75.	 Garrouste-Orgeas M, Timsit JF, Tafflet M et al (2006) Excess risk of death 
from intensive care unit-acquired nosocomial bloodstream infections: 

a reappraisal. Clin Infect Dis 42:1118–1126. https://​doi.​org/​10.​1086/​
500318

	 76.	 Paul M, Lador A, Grozinsky-Glasberg S, Leibovici L (2014) Beta lactam 
antibiotic monotherapy versus beta lactam-aminoglycoside anti‑
biotic combination therapy for sepsis. Cochrane Database Syst Rev 
2014:CD003344. https://​doi.​org/​10.​1002/​14651​858.​CD003​344.​pub3

	 77.	 Paul M, Dickstein Y, Schlesinger A et al (2013) Beta-lactam versus beta-
lactam-aminoglycoside combination therapy in cancer patients with 
neutropenia. Cochrane Database Syst Rev 2013:CD003038. https://​doi.​
org/​10.​1002/​14651​858.​CD003​038.​pub2

	 78.	 Sjövall F, Perner A, Hylander Møller M (2017) Empirical mono- versus 
combination antibiotic therapy in adult intensive care patients with 
severe sepsis - a systematic review with meta-analysis and trial sequen‑
tial analysis. J Infect 74:331–344. https://​doi.​org/​10.​1016/j.​jinf.​2016.​11.​
013

	 79.	 Martin-Loeches I, Antonelli M, Cuenca-Estrella M et al (2019) ESICM/
ESCMID task force on practical management of invasive candidiasis in 
critically ill patients. Intensive Care Med 45:789–805. https://​doi.​org/​10.​
1007/​s00134-​019-​05599-w

	 80.	 Mokart D, Slehofer G, Lambert J et al (2014) De-escalation of antimicro‑
bial treatment in neutropenic patients with severe sepsis: results from 
an observational study. Intensive Care Med 40:41–49. https://​doi.​org/​
10.​1007/​s00134-​013-​3148-9

	 81.	 Schnell D, Montlahuc C, Bruneel F et al (2019) De-escalation of anti‑
microbial therapy in critically ill hematology patients: a prospective 
cohort study. Intensive Care Med 45:743–745. https://​doi.​org/​10.​1007/​
s00134-​019-​05554-9

	 82.	 Freifeld AG, Bow EJ, Sepkowitz KA et al (2011) Clinical practice guideline 
for the use of antimicrobial agents in neutropenic patients with cancer: 
2010 update by the infectious diseases society of america. Clin Infect 
Dis 52:e56-93. https://​doi.​org/​10.​1093/​cid/​cir073

	 83.	 Aguilar-Guisado M, Espigado I, Martín-Peña A et al (2017) Optimisation 
of empirical antimicrobial therapy in patients with haematological 
malignancies and febrile neutropenia (How Long study): an open-label, 
randomised, controlled phase 4 trial. Lancet Haematol 4:e573–e583. 
https://​doi.​org/​10.​1016/​S2352-​3026(17)​30211-9

	 84.	 Averbuch D, Orasch C, Cordonnier C et al (2013) European guidelines 
for empirical antibacterial therapy for febrile neutropenic patients in 
the era of growing resistance: summary of the 2011 4th European 
Conference on Infections in Leukemia. Haematologica 98:1826–1835. 
https://​doi.​org/​10.​3324/​haema​tol.​2013.​091025

	 85.	 Siniscalchi A, Aurini L, Benini B et al (2016) Ventilator associated 
pneumonia following liver transplantation: etiology, risk factors and 
outcome. World J Transpl 6:389–395. https://​doi.​org/​10.​5500/​wjt.​v6.​i2.​
389

	 86.	 Riera J, Caralt B, López I et al (2015) Ventilator-associated respiratory 
infection following lung transplantation. Eur Respir J 45:726–737. 
https://​doi.​org/​10.​1183/​09031​936.​00095​214

	 87.	 Papazian L, Klompas M, Luyt C-E (2020) Ventilator-associated pneumo‑
nia in adults: a narrative review. Intensive Care Med 46:888–906. https://​
doi.​org/​10.​1007/​s00134-​020-​05980-0

	 88.	 Martin-Loeches I, Povoa P, Rodríguez A et al (2015) Incidence and prog‑
nosis of ventilator-associated tracheobronchitis (TAVeM): a multicentre, 
prospective, observational study. Lancet Respir Med 3:859–868. https://​
doi.​org/​10.​1016/​S2213-​2600(15)​00326-4

	 89.	 ECDC (2017) European Centre for Disease Prevention and Control. 
Antimicrobial resistance surveillance in Europe 2015. Annual report of 
the European antimicrobial resistance surveillance network (EARS-Net). 
ECDC

	 90.	 Kalil AC, Metersky ML, Klompas M et al (2016) Management of adults 
with hospital-acquired and ventilator-associated pneumonia: 2016 clin‑
ical practice guidelines by the Infectious Diseases Society of America 
and the American Thoracic Society. Clin Infect Dis 63:e61–e111. https://​
doi.​org/​10.​1093/​cid/​ciw353

	 91.	 Torres A, Niederman MS, Chastre J et al (2017) International ERS/ESICM/
ESCMID/ALAT guidelines for the management of hospital-acquired 
pneumonia and ventilator-associated pneumonia: Guidelines for 
the management of hospital-acquired pneumonia (HAP)/ventilator-
associated pneumonia (VAP) of the European Respiratory Society (ERS), 
European Society of Infectious Diseases (ESCMID) and Asociación 

https://doi.org/10.1164/ajrccm.155.1.9001290
https://doi.org/10.1002/14651858.CD005590.pub3
https://doi.org/10.1056/NEJM198107093050202
https://doi.org/10.1056/NEJM198107093050202
https://doi.org/10.7326/0003-4819-99-6-773
https://doi.org/10.1007/s00134-022-06826-7
https://doi.org/10.1097/MOH.0b013e32834da9bf
https://doi.org/10.1097/QCO.0b013e32834cf054
https://doi.org/10.1097/QCO.0b013e32834cf054
https://doi.org/10.1016/j.jinf.2016.11.001
https://doi.org/10.1097/CCM.0000000000005662
https://doi.org/10.1186/cc10114
https://doi.org/10.1001/jama.2020.2717
https://doi.org/10.1007/s00134-012-2695-9
https://doi.org/10.1007/s00134-012-2695-9
https://doi.org/10.1007/s00134-022-06944-2
https://doi.org/10.3390/pathogens12020228
https://doi.org/10.1016/j.ijid.2018.03.022
https://doi.org/10.1016/j.ijid.2018.03.022
https://doi.org/10.1128/AAC.01744-21
https://doi.org/10.1086/599376
https://doi.org/10.1007/s00134-020-05950-6
https://doi.org/10.1086/500318
https://doi.org/10.1086/500318
https://doi.org/10.1002/14651858.CD003344.pub3
https://doi.org/10.1002/14651858.CD003038.pub2
https://doi.org/10.1002/14651858.CD003038.pub2
https://doi.org/10.1016/j.jinf.2016.11.013
https://doi.org/10.1016/j.jinf.2016.11.013
https://doi.org/10.1007/s00134-019-05599-w
https://doi.org/10.1007/s00134-019-05599-w
https://doi.org/10.1007/s00134-013-3148-9
https://doi.org/10.1007/s00134-013-3148-9
https://doi.org/10.1007/s00134-019-05554-9
https://doi.org/10.1007/s00134-019-05554-9
https://doi.org/10.1093/cid/cir073
https://doi.org/10.1016/S2352-3026(17)30211-9
https://doi.org/10.3324/haematol.2013.091025
https://doi.org/10.5500/wjt.v6.i2.389
https://doi.org/10.5500/wjt.v6.i2.389
https://doi.org/10.1183/09031936.00095214
https://doi.org/10.1007/s00134-020-05980-0
https://doi.org/10.1007/s00134-020-05980-0
https://doi.org/10.1016/S2213-2600(15)00326-4
https://doi.org/10.1016/S2213-2600(15)00326-4
https://doi.org/10.1093/cid/ciw353
https://doi.org/10.1093/cid/ciw353


348

Latinoamericana del Tórax (ALAT). Eur Respir J. https://​doi.​org/​10.​1183/​
13993​003.​00582-​2017

	 92.	 Azoulay É, Mokart D, Lambert J et al (2010) Diagnostic strategy for 
hematology and oncology patients with acute respiratory failure. Am 
J Respir Crit Care Med 182:1038–1046. https://​doi.​org/​10.​1164/​rccm.​
201001-​0018OC

	 93.	 Martin-Loeches I, Torres A, Nagavci B et al (2023) ERS/ESICM/ESCMID/
ALAT guidelines for the management of severe community-acquired 
pneumonia. Intensive Care Med 49:615–632. https://​doi.​org/​10.​1007/​
s00134-​023-​07033-8

	 94.	 Darie AM, Khanna N, Jahn K et al (2022) Fast multiplex bacterial PCR 
of bronchoalveolar lavage for antibiotic stewardship in hospitalised 
patients with pneumonia at risk of Gram-negative bacterial infection 
(Flagship II): a multicentre, randomised controlled trial. Lancet Respir 
Med 10:877–887. https://​doi.​org/​10.​1016/​S2213-​2600(22)​00086-8

	 95.	 University Hospital, Lille (2022) Impact of a Strategy Based on the 
Unyvero® Testing System on Appropriate and Targeted Antimicrobial 
Treatment in Patients With Suspected VAP or HAP Requiring Mechanical 
Ventilation: a Randomized Controlled Unblinded Trial. clinicaltrials.gov

	 96.	 Dumford DM, Skalweit M (2016) Antibiotic-resistant infections and 
treatment challenges in the immunocompromised host. Infect Dis Clin 
North Am 30:465–489. https://​doi.​org/​10.​1016/j.​idc.​2016.​02.​008

	 97.	 Dumford D, Skalweit MJ (2020) Antibiotic-resistant infections and treat‑
ment challenges in the immunocompromised host: an update. Infect 
Dis Clin N Am 34:821–847. https://​doi.​org/​10.​1016/j.​idc.​2020.​08.​005

	 98.	 Nseir S, Di Pompeo C, Diarra M et al (2007) Relationship between 
immunosuppression and intensive care unit-acquired multidrug-resist‑
ant bacteria: a case-control study. Crit Care Med 35:1318–1323. https://​
doi.​org/​10.​1097/​01.​CCM.​00002​61885.​50604.​20

	 99.	 Ramirez JA, Musher DM, Evans SE et al (2020) Treatment of community-
acquired pneumonia in immunocompromised adults: a consensus 
statement regarding initial strategies. Chest 158:1896–1911. https://​doi.​
org/​10.​1016/j.​chest.​2020.​05.​598

	100.	 Legoff J, Zucman N, Lemiale V et al (2019) Clinical significance of 
upper airway virus detection in critically ill hematology patients. Am 
J Respir Crit Care Med 199:518–528. https://​doi.​org/​10.​1164/​rccm.​
201804-​0681OC

	101.	 Kakiuchi S, Tsuji M, Nishimura H et al (2018) Human parainfluenza virus 
type 3 infections in patients with hematopoietic stem cell transplants: 
the mode of nosocomial infections and prognosis. Jpn J Infect Dis 
71:109–115. https://​doi.​org/​10.​7883/​yoken.​JJID.​2017.​424

	102.	 Khanna N, Widmer AF, Decker M et al (2008) Respiratory syncytial virus 
infection in patients with hematological diseases: single-center study 
and review of the literature. Clin Infect Dis 46:402–412. https://​doi.​org/​
10.​1086/​525263

	103.	 Limaye AP, Stapleton RD, Peng L et al (2017) Effect of ganciclovir on il-6 
levels among cytomegalovirus-seropositive adults with critical illness. 
JAMA 318:731–740. https://​doi.​org/​10.​1001/​jama.​2017.​10569

	104.	 Ljungman P, Boeckh M, Hirsch HH et al (2017) Definitions of cytomeg‑
alovirus infection and disease in transplant patients for use in clinical 
trials. Clin Infect Dis 64:87–91. https://​doi.​org/​10.​1093/​cid/​ciw668

	105.	 Durand CM, Marr KA, Arnold CA et al (2013) Detection of cytomeg‑
alovirus DNA in plasma as an adjunct diagnostic for gastrointestinal 
tract disease in kidney and liver transplant recipients. Clin Infect Dis 
57:1550–1559. https://​doi.​org/​10.​1093/​cid/​cit521

	106.	 Fisher CE, Alexander J, Bhattacharya R et al (2016) Sensitivity of blood 
and tissue diagnostics for gastrointestinal cytomegalovirus disease in 
solid organ transplant recipients. Transpl Infect Dis 18:372–380. https://​
doi.​org/​10.​1111/​tid.​12531

	107.	 Bhimraj A, Morgan RL, Shumaker AH et al (2022) Infectious Diseases 
Society of America guidelines on the treatment and management 
of patients with coronavirus disease 2019 (COVID-19). Clin Infect Dis. 
https://​doi.​org/​10.​1093/​cid/​ciac7​24

	108.	 Cornely OA, Gachot B, Akan H et al (2015) Epidemiology and outcome 
of fungemia in a cancer Cohort of the Infectious Diseases Group (IDG) 
of the European Organization for Research and Treatment of Cancer 
(EORTC 65031). Clin Infect Dis 61:324–331. https://​doi.​org/​10.​1093/​cid/​
civ293

	109.	 Lortholary O, Renaudat C, Sitbon K et al (2017) The risk and clinical out‑
come of candidemia depending on underlying malignancy. Intensive 
Care Med 43:652–662. https://​doi.​org/​10.​1007/​s00134-​017-​4743-y

	110.	 Lortholary O, Desnos-Ollivier M, Sitbon K et al (2011) Recent exposure 
to caspofungin or fluconazole influences the epidemiology of 
candidemia: a prospective multicenter study involving 2,441 patients. 
Antimicrob Agents Chemother 55:532–538. https://​doi.​org/​10.​1128/​
AAC.​01128-​10

	111.	 Pappas PG, Kauffman CA, Andes DR et al (2016) Clinical practice guide‑
line for the management of candidiasis: 2016 update by the Infectious 
Diseases Society of America. Clin Infect Dis 62:e1-50. https://​doi.​org/​10.​
1093/​cid/​civ933

	112.	 Wingard JR, Merz WG, Rinaldi MG et al (1993) Association of Torulopsis 
glabrata infections with fluconazole prophylaxis in neutropenic bone 
marrow transplant patients. Antimicrob Agents Chemother 37:1847–
1849. https://​doi.​org/​10.​1128/​AAC.​37.9.​1847

	113.	 Wingard JR, Merz WG, Rinaldi MG et al (1991) Increase in Candida krusei 
infection among patients with bone marrow transplantation and 
neutropenia treated prophylactically with fluconazole. N Engl J Med 
325:1274–1277. https://​doi.​org/​10.​1056/​NEJM1​99110​31325​1803

	114.	 Bergeron A, Porcher R, Sulahian A et al (2012) The strategy for the 
diagnosis of invasive pulmonary aspergillosis should depend on both 
the underlying condition and the leukocyte count of patients with 
hematologic malignancies. Blood 119:1831–1837. https://​doi.​org/​10.​
1182/​blood-​2011-​04-​351601

	115.	 Schauwvlieghe AFAD, Rijnders BJA, Philips N et al (2018) Invasive 
aspergillosis in patients admitted to the intensive care unit with severe 
influenza: a retrospective cohort study. Lancet Respir Med 6:782–792. 
https://​doi.​org/​10.​1016/​S2213-​2600(18)​30274-1

	116.	 Gangneux J-P, Dannaoui E, Fekkar A et al (2022) Fungal infections in 
mechanically ventilated patients with COVID-19 during the first wave: 
the French multicentre MYCOVID study. Lancet Respir Med 10:180–190. 
https://​doi.​org/​10.​1016/​S2213-​2600(21)​00442-2

	117.	 Lugosi M, Alberti C, Zahar J-R et al (2014) Aspergillus in the lower 
respiratory tract of immunocompetent critically ill patients. J Infect 
69:284–292. https://​doi.​org/​10.​1016/j.​jinf.​2014.​04.​010

	118.	 Donnelly JP, Chen SC, Kauffman CA et al (2020) Revision and Update of 
the consensus definitions of invasive fungal disease from the european 
organization for research and treatment of cancer and the Mycoses 
Study Group Education and Research Consortium. Clin Infect Dis 
71:1367–1376. https://​doi.​org/​10.​1093/​cid/​ciz10​08

	119.	 Blot SI, Taccone FS, Van den Abeele A-M et al (2012) A clinical algorithm 
to diagnose invasive pulmonary aspergillosis in critically ill patients. 
Am J Respir Crit Care Med 186:56–64. https://​doi.​org/​10.​1164/​rccm.​
201111-​1978OC

	120.	 Verweij PE, Brüggemann RJM, Azoulay E et al (2021) Taskforce report 
on the diagnosis and clinical management of COVID-19 associated 
pulmonary aspergillosis. Intensive Care Med 47:819–834. https://​doi.​
org/​10.​1007/​s00134-​021-​06449-4

	121.	 Meersseman W, Lagrou K, Maertens J et al (2008) Galactomannan 
in bronchoalveolar lavage fluid: a tool for diagnosing aspergillosis 
in intensive care unit patients. Am J Respir Crit Care Med 177:27–34. 
https://​doi.​org/​10.​1164/​rccm.​200704-​606OC

	122.	 Lortholary O, Gangneux J-P, Sitbon K et al (2011) Epidemiological trends 
in invasive aspergillosis in France: the SAIF network (2005–2007). Clin 
Microbiol Infect 17:1882–1889. https://​doi.​org/​10.​1111/j.​1469-​0691.​
2011.​03548.x

	123.	 D’Haese J, Theunissen K, Vermeulen E et al (2012) Detection of galacto‑
mannan in bronchoalveolar lavage fluid samples of patients at risk for 
invasive pulmonary aspergillosis: analytical and clinical validity. J Clin 
Microbiol 50:1258–1263. https://​doi.​org/​10.​1128/​JCM.​06423-​11

	124.	 Azoulay E, Guigue N, Darmon M et al (2016) (1, 3)-β-D-glucan assay 
for diagnosing invasive fungal infections in critically ill patients with 
hematological malignancies. Oncotarget 7:21484–21495. https://​doi.​
org/​10.​18632/​oncot​arget.​7471

	125.	 Tissot F, Agrawal S, Pagano L et al (2017) ECIL-6 guidelines for the 
treatment of invasive candidiasis, aspergillosis and mucormycosis in 
leukemia and hematopoietic stem cell transplant patients. Haemato‑
logica 102:433–444. https://​doi.​org/​10.​3324/​haema​tol.​2016.​152900

	126.	 Bodinier M, Monneret G, Casimir M et al (2023) Identification of a 
sub-group of critically ill patients with high risk of intensive care unit-
acquired infections and poor clinical course using a transcriptomic 
score. Crit Care 27:158. https://​doi.​org/​10.​1186/​s13054-​023-​04436-3

https://doi.org/10.1183/13993003.00582-2017
https://doi.org/10.1183/13993003.00582-2017
https://doi.org/10.1164/rccm.201001-0018OC
https://doi.org/10.1164/rccm.201001-0018OC
https://doi.org/10.1007/s00134-023-07033-8
https://doi.org/10.1007/s00134-023-07033-8
https://doi.org/10.1016/S2213-2600(22)00086-8
https://doi.org/10.1016/j.idc.2016.02.008
https://doi.org/10.1016/j.idc.2020.08.005
https://doi.org/10.1097/01.CCM.0000261885.50604.20
https://doi.org/10.1097/01.CCM.0000261885.50604.20
https://doi.org/10.1016/j.chest.2020.05.598
https://doi.org/10.1016/j.chest.2020.05.598
https://doi.org/10.1164/rccm.201804-0681OC
https://doi.org/10.1164/rccm.201804-0681OC
https://doi.org/10.7883/yoken.JJID.2017.424
https://doi.org/10.1086/525263
https://doi.org/10.1086/525263
https://doi.org/10.1001/jama.2017.10569
https://doi.org/10.1093/cid/ciw668
https://doi.org/10.1093/cid/cit521
https://doi.org/10.1111/tid.12531
https://doi.org/10.1111/tid.12531
https://doi.org/10.1093/cid/ciac724
https://doi.org/10.1093/cid/civ293
https://doi.org/10.1093/cid/civ293
https://doi.org/10.1007/s00134-017-4743-y
https://doi.org/10.1128/AAC.01128-10
https://doi.org/10.1128/AAC.01128-10
https://doi.org/10.1093/cid/civ933
https://doi.org/10.1093/cid/civ933
https://doi.org/10.1128/AAC.37.9.1847
https://doi.org/10.1056/NEJM199110313251803
https://doi.org/10.1182/blood-2011-04-351601
https://doi.org/10.1182/blood-2011-04-351601
https://doi.org/10.1016/S2213-2600(18)30274-1
https://doi.org/10.1016/S2213-2600(21)00442-2
https://doi.org/10.1016/j.jinf.2014.04.010
https://doi.org/10.1093/cid/ciz1008
https://doi.org/10.1164/rccm.201111-1978OC
https://doi.org/10.1164/rccm.201111-1978OC
https://doi.org/10.1007/s00134-021-06449-4
https://doi.org/10.1007/s00134-021-06449-4
https://doi.org/10.1164/rccm.200704-606OC
https://doi.org/10.1111/j.1469-0691.2011.03548.x
https://doi.org/10.1111/j.1469-0691.2011.03548.x
https://doi.org/10.1128/JCM.06423-11
https://doi.org/10.18632/oncotarget.7471
https://doi.org/10.18632/oncotarget.7471
https://doi.org/10.3324/haematol.2016.152900
https://doi.org/10.1186/s13054-023-04436-3


349

	127.	 Kreitmann L, Bodinier M, Fleurie A et al (2022) Mortality prediction in 
sepsis with an immune-related transcriptomics signature: a multi-
cohort analysis. Front Med (Lausanne) 9:930043. https://​doi.​org/​10.​
3389/​fmed.​2022.​930043

	128.	 Meisel C, Schefold JC, Pschowski R et al (2009) Granulocyte-
macrophage colony-stimulating factor to reverse sepsis-associated 
immunosuppression: a double-blind, randomized, placebo-controlled 
multicenter trial. Am J Respir Crit Care Med 180:640–648. https://​doi.​
org/​10.​1164/​rccm.​200903-​0363OC

	129.	 Roquilly A, Francois B, Huet O et al (2023) Interferon gamma-1b for the 
prevention of hospital-acquired pneumonia in critically ill patients: a 
phase 2, placebo-controlled randomized clinical trial. Intensive Care 
Med. https://​doi.​org/​10.​1007/​s00134-​023-​07065-0

	130.	 Nguyen LS, Ait Hamou Z, Gastli N et al (2021) Potential role for 
interferon gamma in the treatment of recurrent ventilator-acquired 
pneumonia in patients with COVID-19: a hypothesis. Intensive Care 
Med 47:619–621. https://​doi.​org/​10.​1007/​s00134-​021-​06377-3

	131.	 Textoris J (2020) Immunity check should be performed for all patients 
with septic shock? Yes. Intensive Care Med 46:503–505. https://​doi.​org/​
10.​1007/​s00134-​019-​05909-2

	132.	 Stanski NL, Wong HR (2020) Prognostic and predictive enrich‑
ment in sepsis. Nat Rev Nephrol 16:20–31. https://​doi.​org/​10.​1038/​
s41581-​019-​0199-3

	133.	 University Hospital, Lille (2023) Evaluation of the Incidence of Invasive 
Pulmonary Aspergillosis in Patients With Suspected Ventilator-associ‑
ated Pneumonia. clinicaltrials.gov

	134.	 Woodworth MH, Conrad RE, Haldopoulos M et al (2023) Fecal micro‑
biota transplantation promotes reduction of antimicrobial resistance 
by strain replacement. Sci Transl Med 15:eabo2750. https://​doi.​org/​10.​
1126/​scitr​anslm​ed.​abo27​50

	135.	 Hospices Civils de Lyon (2023) Human Recombinant Interferon Gamma 
in the Treatment of Ventilator-acquired Pneumonia in ICU Patients. 
clinicaltrials.gov

https://doi.org/10.3389/fmed.2022.930043
https://doi.org/10.3389/fmed.2022.930043
https://doi.org/10.1164/rccm.200903-0363OC
https://doi.org/10.1164/rccm.200903-0363OC
https://doi.org/10.1007/s00134-023-07065-0
https://doi.org/10.1007/s00134-021-06377-3
https://doi.org/10.1007/s00134-019-05909-2
https://doi.org/10.1007/s00134-019-05909-2
https://doi.org/10.1038/s41581-019-0199-3
https://doi.org/10.1038/s41581-019-0199-3
https://doi.org/10.1126/scitranslmed.abo2750
https://doi.org/10.1126/scitranslmed.abo2750

	ICU-acquired infections in immunocompromised patients
	Abstract 
	Introduction
	Methods
	Definitions of immunosuppression
	Mechanisms of infection in immunocompromised patients
	ICU-acquired bloodstream infections
	Ventilator-associated lower respiratory tract infections, including ventilator-associated pneumonia and tracheobronchitis
	Antibiotic resistance in critically ill immunocompromised patients
	Viral infections
	Invasive fungal infections
	Future lines of research
	Conclusion
	Acknowledgements
	References




