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In critically ill patients, anti-anaerobic antibiotics increase risk
of adverse clinical outcomes
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Abstract

Background Critically ill patients routinely receive antibiotics with activity against anaerobic gut
bacteria. However, in other disease states and animal models, gut anaerobes are protective against
pneumonia, organ failure and mortality. We therefore designed a translational series of analyses and
experiments to determine the effects of anti-anaerobic antibiotics on the risk of adverse clinical outcomes
among critically ill patients.

Methods We conducted a retrospective single-centre cohort study of 3032 critically ill patients, comparing
patients who did and did not receive early anti-anaerobic antibiotics. We compared intensive care unit
outcomes (ventilator-associated pneumonia (VAP)-free survival, infection-free survival and overall
survival) in all patients and changes in gut microbiota in a subcohort of 116 patients. In murine models,
we studied the effects of anaerobe depletion in infectious (Klebsiella pneumoniae and Staphylococcus
aureus pneumonia) and noninfectious (hyperoxia) injury models.

Results Early administration of anti-anaerobic antibiotics was associated with decreased VAP-free survival
(hazard ratio (HR) 1.24, 95% CI 1.06-1.45), infection-free survival (HR 1.22, 95% CI 1.09-1.38) and
overall survival (HR 1.14, 95% CI 1.02-1.28). Patients who received anti-anaerobic antibiotics had
decreased initial gut bacterial density (p=0.00038), increased microbiome expansion during hospitalisation
(p=0.011) and domination by Enterobacteriaceae spp. (p=0.045). Enterobacteriaceae were also enriched
among respiratory pathogens in anti-anaerobic-treated patients (p<2.2x107'%). In murine models, treatment
with anti-anaerobic antibiotics increased susceptibility to Enterobacteriaceae pneumonia (p<0.05) and
increased the lethality of hyperoxia (p=0.0002).

Conclusions In critically ill patients, early treatment with anti-anaerobic antibiotics is associated with
increased mortality. Mechanisms may include enrichment of the gut with respiratory pathogens, but
increased mortality is incompletely explained by infections alone. Given consistent clinical and
experimental evidence of harm, the widespread use of anti-anaerobic antibiotics should be reconsidered.
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Introduction

Decades of observational and experimental data have established that gastrointestinal microbiota play an
important role in the pathogenesis of ventilator-associated pneumonia (VAP), multi-organ failure and other
outcomes in critically ill patients [1-6]. In health, the gut microbiome provides resistance against
colonisation by exogenous pathogens, whereas in critical illness, antibiotics disrupt native intestinal
microbiota and allow proliferation of potential pathogens [7-9]. This phenomenon is the theoretical basis
of selective decontamination of the digestive tract (SDD), a regimen of topical enteric and parenteral
antibiotics tailored to preserve gut anaerobes while suppressing overgrowth of potential pathogens [10]. A
recent Cochrane review concluded that SDD decreases VAP incidence and improves mortality [11].
Furthermore, across diverse experimental models (pneumonia, lung injury and shock), depletion of
anaerobic gut microbiota (either via enteric antibiotics or use of germ-free animals) alters animal
susceptibility to bacterial pneumonia, lung injury and mortality [12-16]. Thus, the clinical and biological
importance of anaerobic gut microbiota in critical illness is robustly established across human studies and
experimental inquiry.

Yet despite this well-established importance of gut anaerobes in critical illness, clinicians routinely
prescribe empiric antibiotics with potent anti-anaerobic activity [17-19]. This widespread practice has
recently been called into question given the infrequency of anaerobic pathogens among hospitalised
patients (even including patients with aspiration pneumonia) [19]. Among other at-risk populations (i.e.
haematopoietic stem cell transplant recipients), exposure to anti-anaerobic antibiotics is strongly predictive
of adverse clinical outcomes [20]. To the best of our knowledge, no study has evaluated the effects of gut
anaerobe depletion on clinical outcomes in critically ill patients.

To address this gap, we conducted a retrospective single-centre cohort study of critically ill patients
receiving mechanical ventilation. We compared clinical outcomes and respiratory microbiology in patients
who did and did not receive anti-anaerobic antibiotics early in their hospital stay. To explore potential
mechanisms, we performed a longitudinal study of gut microbiota in a subcohort, and modelled the effects
of anaerobe depletion in murine models of infectious and noninfectious lung pathology.

Methods
Additional details are available in the supplementary material.

Study population, primary exposure, and primary and secondary outcomes

We performed a retrospective cohort study of patients at the University of Michigan Hospital (Ann Arbor,
MI, USA) between 2016 and 2019 who received mechanical ventilation for at least 72 h and were treated
with intravenous antibiotics. VAP, one of our primary outcomes of interest, occurs after 48 h of mechanical
ventilation and thus the 72-h time frame was chosen to identify a population with nonzero probability of
developing one of the primary outcomes of interest. Our primary exposure of interest was administration of
anti-anaerobic antibiotic therapy. We defined antibiotic exposure as receipt of at least one dose of i.v.
antibiotic prior to the first 72 h of mechanical ventilation. We excluded patients who were mechanically
ventilated for <72 h and patients transferred from an outside medical facility. For patients with multiple
hospital admissions during the study period, we recorded data for the first hospitalisation only (figure 1).

Classification of anti-anaerobic antibiotics

Antibiotics were classified as “anti-anaerobic” if they were recommended for treatment of anaerobic
pathogens based on guidelines from the Infectious Diseases Society of America [21-26]. A complete
listing of anti-anaerobic antibiotic classification and a description of antimicrobial use are presented in the
supplementary material (supplementary tables S3 and S5, and supplementary figure S1).

Primary outcome: VAP-free survival

Our primary outcome was composite “VAP-free survival”: the time from the initiation of mechanical
ventilation to the time of VAP onset or death. We chose this end-point because 1) it is a validated measure
used in randomised clinical trials for VAP prevention [27, 28] and 2) it addresses threats to validity
introduced by competing risks (e.g. patients may die before they have the opportunity to develop VAP or
may die due to VAP before it can be diagnosed). Patients were censored from survival analysis at the time of
hospital discharge if they were discharged prior to 30 days. VAP was diagnosed using a streamlined version
of the Centers for Disease Control and Prevention (CDC) surveillance criteria for VAP (table 1) [29-31].

Secondary outcomes: infection-free survival and mortality
We defined nosocomial infection as a culture-confirmed infection that was not present on admission
meeting clinical criteria set by major medical societies [25, 32-35]. We used the time of culture
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FIGURE 1 Retrospective cohort overview. We identified a cohort of 3032 mechanically ventilated patients
treated with i.v. antibiotics admitted to the University of Michigan Hospital in 2016-2019. We excluded patients
transferred from an outside facility, patients with chronic ventilator dependence and those who received
mechanical ventilation for a period <72 h.

acquisition, death or discharge to calculate “infection-free survival”. We determined patient vital status at
30 days via review of the electronic medical record as well as local [36] and national [37] death indices.
Death notes were processed using the CDC Instructions for Classifying the Underlying Cause of Death
[38, 39] to assign a cause of death to decedents in the cohort and compare relative frequency of the cause
of death in each antibiotic treatment group.

Statistical analysis of clinical data

All statistical analyses were performed using R version 4.1.2 [40]. We compared age, race, gender,
frequency of medical comorbidities, weighted Charlson Comorbidity Index [41-43], Acute Physiology and
Chronic Health Evaluation (APACHE) IV score [44] within 24 h of initiation of mechanical ventilation
and the proportion of patients admitted to each hospital unit between treatment groups with the two-sample
independent t-test.

We constructed Kaplan—-Meier curves to determine median VAP-free, infection-free and all-cause survival.
We used a stratified log-rank statistic to determine the statistical significance of differences in survival
between groups. We built Cox proportional hazards models incorporating early treatment with
anti-anaerobic antibiotics, hospital unit of admission, age, gender, race, APACHE IV score within 24 h of
initiation of mechanical ventilation and weighted Charlson Comorbidity Index. All survival analysis was

TABLE 1 Ventilator-associated pneumonia (VAP) diagnostic criteria

Sustained increase in oxygen requirement (at least one)
2 days of increasing daily minimum Fo, >0.15 points
2 days of increasing PEEP >2.5 mmH,0
Evidence of systemic inflammation (at least one)
Fever (temperature >38°C)
Hypothermia (temperature <35°C)
Leukocytosis (white blood cell count >12 000 mm™~3)
Leukopenia
Purulent sputum production (at least one)
>26 neutrophils per high power field on Gram stain of endotracheal aspirate
>500 leukocytes on cell count of bronchoalveolar lavage fluid
Pathogen growth on respiratory culture
Confirmed VAP: pathogen growth
Probable VAP: no pathogen growth

Fio,: inspiratory oxygen fraction; PEEP: positive end-expiratory pressure.
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done with the survival (version 3.1-8) package in R [45]. We then built a logistic regression model using
30-day VAP-free survival as a binary variable (alive and VAP-free at 30 days or not) with the same
covariates as our survival model. We used this model to calculate the average marginal effects of all
covariates with the margins (version 0.3-26) package in R [46]. The neurological intensive care unit (ICU)
was the unit with a rate of VAP or death closest to the overall rate in the cohort, and thus was chosen as
the standard for comparison with other units in our survival and logistic regression models.

To compare rates of VAP independently (rather than within a composite outcome), we compared the
cumulative incidence of VAP in 30 days for each treatment group and determined the estimated marginal
probability of VAP in 30 days. We compared VAP-specific cumulative incidence functions with Gray’s test
[47]. Competing risk analysis was performed with the cmprsk (version 2.2-6) package in R [48].

We compared distributions of bacterial pathogens between groups with Chi-squared testing and compared
the frequency of individual bacterial pathogens between treatment groups with two-sample independent
t-testing. All statistical tests used p=0.05 as a threshold for significance.

Microbiome analysis of rectal swab specimens

We performed a secondary analysis of bacterial community data generated for a previously published study
[49, 50]. We characterised the bacterial density and community composition of bacteria on rectal swabs
collected from 116 hospitalised patients, all of whom were within our larger retrospective cohort. We
analysed bacteria in rectal swabs collected at the time of admission and a repeat swab acquired later during
hospitalisation. Although all patients in our subcohort were eventually intubated and treated with
antibiotics prior to hour 72 of mechanical ventilation, some patients did not receive antibiotics prior to
admission rectal swab and some had rectal swabs acquired on medical floors before intubation (and were
later transferred to the ICU). Patient characteristics and microbiome analysis have been previously reported
[49, 50].

16S rRNA gene sequencing and bacterial density quantification

The V4 region of the 16S rRNA gene was amplified using published primers and the dual-indexing
sequencing strategy described in a previously published protocol [51]. Sequencing was performed using
the MiSeq platform and MiSeq reagent kit V2 (500 cycles) according to the manufacturer’s instructions
(Illumina, San Diego, CA, USA) with minor modifications described previously [51, 52]. Bacterial DNA
was quantified using a QX200 Droplet Digital PCR System (Bio-Rad, Hercules, CA, USA) with primers
and cycling conditions performed according to previously published protocols [53].

Statistical analysis of microbiome data

We built a mixed effects multivariable linear regression model using, age, gender, race, weighted Charlson
Comorbidity Index, APACHE IV score at admission and treatment with anti-anaerobic antibiotics prior to
admission rectal swab to predict log-transformed bacterial density, relative abundance and absolute
abundance of Enterobacteriaceae over time. We included an interaction term of anti-anaerobic antibiotic
treatment and time to compare the daily change in bacterial density, the relative abundance of
Enterobacteriaceae and the absolute abundance of Enterobacteriaceae between anti-anaerobic-treated
patients and untreated patients. We built the mixed effects models with the lme4 (version 1.1-5) package
in R [54].

Murine modelling

Mice (8-10 weeks old, female C57BL/6) were obtained from Jackson Laboratories (Bar Harbor, ME,
USA). All experiments were conducted with approval from the University of Michigan Institutional
Animal Care and Use Committee. To control for cage effect, mice in each treatment arm were co-housed
and in all experiments each treatment group had 15 mice per arm.

Infectious model of pneumonia/lung injury

Mice were pre-treated with either sham, cefepime or piperacillin—tazobactam daily for 3 days, allowed a
washout period of 24 h and subsequently inoculated with 107 CFU methicillin-resistant S. aureus (MRSA
USA300, strain NRS384) or 107 CFU Klebsiella pneumoniae (strain KPPR1 [55]), instilled intratracheally
under anaesthesia. Mock-infected control mice were challenged with PBS instead of bacterial inoculation.
Mice were harvested at 24 h to collect bronchoalveolar lavage fluid (BALF) or whole lung tissue for
culture and lung injury assessment. We measured bacterial clearance with change in CFU after an initial
infectious challenge. Lung injury was assessed with total protein and IgM in BALF.
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Noninfectious model of lung injury: hyperoxia exposure

Mice were pre-treated with either sham, cefepime or piperacillin—tazobactam daily for 3 days, and
subsequently exposed to either 100% oxygen or room air (controls) on days 0, 1 and 2. Mice were
harvested on day 3 to collect BALF. Lung injury was again assessed with total protein and IgM in BALF.

Murine tissue collection and processing

Lung samples collected for this study were harvested and processed according to previously published
protocols [16, 56, 57]. Lung bacterial culture was performed using six 10-fold serial dilutions of lung
homogenate from mice inoculated with S. aureus and K. pneumoniae along with planted control samples
to identify sources of contamination.

Results

Cohort characteristics

We identified 3032 consecutive patients admitted to the University of Michigan Hospital between 2016
and 2019 who received mechanical ventilation for at least 72 h and were treated with at least one dose of
i.v. antibiotics within the first 72 h of mechanical ventilation (figure 1). The baseline characteristics of both
groups are shown in table 2. Compared with patients who did not receive anti-anaerobic antibiotics,
patients who received anti-anaerobic antibiotics were younger (mean age 55.4 years for anti-anaerobic
group versus 59.1 years for no anti-anaerobic group; p=6.0x10"%) and less likely to have peripheral
vascular disease, coronary artery disease or cerebrovascular disease. Most patients in the anti-anaerobic
group were admitted to the medical and surgical ICUs (1249 out of 1942 patients (64%)). In contrast,
patients who did not receive anti-anaerobic treatment were more evenly distributed among ICUs, and were
more frequently admitted to the neurological, cardiac and cardiothoracic ICUs. Groups were similar in
terms of severity of illness (mean APACHE IV score 89.9 for anti-anaerobic group versus 90.1 for no
anti-anaerobic group; p=0.89) and burden of medical comorbidities (median Charlson Comorbidity Index
4.6 for anti-anaerobic group versus 4.5 for no anti-anaerobic group; p=0.63).

TABLE 2 Cohort demographics and comorbidities

Anti-anaerobic coverage  No anti-anaerobic coverage p-value

Subjects 1942 1090
Age, years 55.4+16.9 59.1+17.0 <0.001
Female 757 (39) 462 (42) 0.67
Non-Caucasian 377 (20) 218 (20) 0.70
APACHE IV score 90.1+26.0 89.9+25.7 0.89
Charlson Comorbidity Index (medianzsp) 4.6%3.2 4.,5+3.0 0.63
Medical comorbidities
Coronary artery disease 424 (22) 223 (21) 0.37
Congestive heart failure 714 (37) 505 (46) <0.001
Peripheral vascular disease 501 (26) 385 (35) <0.001
History of prior stroke 417 (22) 389 (36) <0.001
Dementia 61 (3.1) 33 (3.0) 0.86
COPD 622 (32) 360 (33) 0.57
Connective tissue disorder 98 (5.0) 55 (5.0) 1.00
Peptic ulcer disease 132 (6.8) 56 (5.1) 0.059
Cirrhosis 438 (23) 126 (12) <0.001
Diabetes 562 (29) 312 (29) 0.85
End-stage renal disease 700 (36) 415 (38) 0.27
Active malignancy 370 (19) 180 (17) 0.077
ICU of admission
Medical 819 (42) 223 (20) <0.001
Surgical 430 (22) 114 (10) <0.001
Cardiothoracic-surgical 202 (10) 310 (28) <0.001
Neurological 140 (7.0) 212 (19) <0.001
Cardiac 172 (9.0) 122 (11) 0.043
Trauma-burn 179 (9.0) 109 (10) 0.051

Data are presented as n, meantsp or n (%), unless otherwise stated. ICU: intensive care unit; APACHE: Acute
Physiology and Chronic Health Evaluation.
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Cohort antibiotic use

Having identified our cohort, we next characterised their antibiotic use (table 3). We characterised
individual anti-anaerobic exposure as a binary variable (i.e. patients either did or did not receive antibiotics
with anti-anaerobic activity within the first 72 h of mechanical ventilation). The antibiotics reported in
table 3 represent >97% of all administered antibiotic doses in the study cohort. Vancomycin was the most
frequently administered antibiotic overall, with 2305 out of 3032 patients (76% of the total cohort)
receiving treatment, evenly distributed across treatment groups. Piperacillin—tazobactam and metronidazole
were the most frequently administered anti-anaerobic antibiotics (57% and 27% of the
anti-anaerobic-treated population, respectively). The most administered antibiotics without anti-anaerobic
activity were cefepime (27% of anti-anaerobic group and 55% of no anti-anaerobic group), azithromycin
(23% of anti-anaerobic group and 46% of no anti-anaerobic group) and cefazolin (8% of anti-anaerobic
group and 23% of no anti-anaerobic group). A comprehensive list of antibiotic exposures in the cohort can
be found in supplementary table S5 and supplementary figure S1.

Early exposure to anti-anaerobic antibiotic therapy is associated with decreased VAP-free survival,
infection-free survival and overall survival

We next sought to determine if anti-anaerobic antibiotic treatment was associated with decreased VAP-free
survival. We selected this commonly used composite outcome (VAP or death) to mitigate bias introduced
by competing risks (i.e. patients may die early due to undetected VAP or early mortality from other causes
may preclude the opportunity for patients to develop VAP) [27, 28, 58, 59].

We first performed a single-variable analysis by constructing Kaplan—Meier survival curves to estimate the
30-day VAP-free survival of each antibiotic treatment group (figure 2a). We found that a total of 931
patients (30.7%) reached our composite end-point of VAP or death, with 89 cases of culture-confirmed
VAP and 842 deaths. Patients not treated with anti-anaerobic antibiotics had a 72% probability of VAP-free
survival at 30 days (at risk n=472), whereas patients treated with anti-anaerobic antibiotics had a 65%
probability of VAP-free survival at 30 days (at risk n=574), with a significant difference noted between the
survival functions of each group (hazard ratio (HR) 1.26, 95% CI 1.10-1.44; p=0.00074). We concluded
that in single-variable analysis, early exposure to anti-anaerobic antibiotics was associated with a 7%
absolute decrease in 30-day VAP-free survival.

We next sought to determine if exposure to anti-anaerobic antibiotics was independently associated with
decreased VAP-free survival. To accomplish this, we built a multivariable Cox proportional hazards
regression model (table 4 and figure 3). Covariates were specified a priori based on known risk factors for
VAP and ICU mortality and sources of variation in antibiotic prescribing practices. We included age, sex,
race, severity of acute illness as measured by APACHE IV score calculated during the first 24 h of
invasive mechanical ventilation, Charlson Comorbidity Index and unit of admission. We found that
anti-anaerobic antibiotic treatment was independently associated with an increased hazard of VAP or death
(HR 1.24, 95% CI 1.06-1.45; p=0.0078). We then built a multivariable logistic regression model to
compare the 30-day event rate of VAP or death between treatment groups and found that anti-anaerobic
antibiotic treatment was associated with an average marginal effect of 3.9% (95% CI 0.40-7.5%; p=0.029)
(table 5 and supplementary figure S2). We concluded that early exposure to anti-anaerobic antibiotics was
independently associated with a 3.9% increased risk of VAP or death at 30 days.

TABLE 3 Summary of the most frequently administered antibiotics in the study cohort

Antibiotic Anti-anaerobic coverage (n=1942) No anaerobic coverage (n=1090) p-value
Vancomycin 1477 (76) 828 (76) 0.95
Cefepime 529 (27) 596 (55) <0.001
Azithromycin 442 (23) 504 (46) <0.001
Cefazolin 170 (8.0) 254 (23) <0.001
Piperacillin-tazobactam 1107 (57) 0

Metronidazole 530 (27) 0

Ampicillin-sulbactam 262 (14) 0

Ceftriaxone 224 (12) 0

Clindamycin 136 (7) 0

Meropenem 90 (5) 0

Data are presented as n (%), unless otherwise stated.
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FIGURE 2 Anti-anaerobic antibiotic therapy predicts decreased ventilator-associated pneumonia (VAP)-free
survival, infection-free survival and overall survival in critically ill patients. In a cohort of 3032 mechanically
ventilated patients treated with i.v. antibiotics, the use of anti-anaerobic antibiotic therapy prior to day 3 of
mechanical ventilation was associated with a) decreased VAP-free survival at 30 days (p=0.00074 by log-rank
test), b) infection-free survival at 30 days (p=0.00044 by log-rank test) and c) overall survival at 30 days
(p=0.00064 by log-rank test). There were 842 deaths, 89 cases of VAP and 472 cases of nosocomial infection in
the cohort.

Although VAP comprised a relatively small component of our composite outcome (89 out of 931 (9.5%)),
we sought to determine if we could detect differences in the rate of VAP between treatment groups
independent of mortality. To account for competing risks, we compared the cumulative incidence of VAP
for each treatment group and estimated the marginal probability of VAP at 30 days. Patients not treated
with anti-anaerobic antibiotics had an estimated marginal probability of VAP of 3.1% at 30 days (n=21
cases of culture-confirmed VAP), whereas patients treated with anti-anaerobic antibiotics had an estimated
marginal probability of VAP of 3.5% at 30 days (n=68 cases of culture-confirmed VAP) (supplementary
figure S3), with no significant difference noted between treatment groups (x°=0.28, p=0.60). Given the
small number of VAP cases in the cohort, we concluded that we were inadequately powered to detect
differences in the rate of VAP as a single outcome in this cohort.

Given experimental and clinical evidence that gut anaerobes play a protective role in nonpneumonia
outcomes both in animal models [15, 16, 60-62] and clinical trials [11, 63, 64], we next asked if
anti-anaerobic antibiotic treatment was associated with other clinically important ICU outcomes. We asked
if anti-anaerobic antibiotic treatment was associated with decreased infection-free survival and overall
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TABLE 4 Hazard ratios (HRs) from Cox proportional hazards models of ventilator-associated pneumonia (VAP)-free, infection-free and overall

survival
VAP-free survival Infection-free survival Overall survival
HR (95% ClI) p-value HR (95% ClI) p-value HR (95% ClI) p-value
Anaerobic coverage 1.24 (1.06-1.45) 0.0078 1.22 (1.09-1.38) 0.00072 1.14 (1.02-1.28) 0.028
Demographics and comorbidities
Age 1.00 (0.99-1.01) 0.62 1.00 (0.99-1.01) 0.93 1.01 (1.00-1.01) 0.039
Non-Caucasian 1.03 (0.86-1.23) 0.74 0.96 (0.84-1.10) 0.58 1.02 (0.90-1.16) 0.79
Male 0.93 (0.81-1.07) 0.3 0.94 (0.84-1.04) 0.23 0.93 (0.81-1.07) 0.13
APACHE IV 1.01 (1.01-1.02) <0.001 1.01 (1.006-1.014) <0.001 1.01 (1.01-1.01) <0.001
Charlson Comorbidity Index 0.99 (0.97-1.02) 0.66 1.01 (0.99-1.03) 0.28 1.02 (1.00-1.04) 0.019
ICU of admission
Cardiac 1.08 (0.82-1.42) 0.57 0.75 (0.61-0.94) 0.012 0.89 (0.71-1.10) 0.27
Medical 1.09 (0.87-1.37) 0.43 1.09 (0.87-1.37) 0.43 1.08 (0.91-1.29) 0.37
Trauma-burn 0.78 (0.57-1.07) 0.12 0.79 (0.62-1.00) 0.49 0.59 (0.45-0.76) <0.001
Cardiothoracic-surgical 0.70 (0.54-0.92) 0.01 0.56 (0.46-0.69) <0.001 0.72 (0.59-0.87) <0.001
Surgical 0.70 (0.54-0.91) 0.01 0.58 (0.47-0.70) <0.001 0.64 (0.52-0.78) <0.001
Neurological 1 Reference 1 Reference 1 Reference

APACHE: Acute Physiology and Chronic Health Evaluation; ICU: intensive care unit.

survival. To accomplish this, we constructed Kaplan—-Meier survival curves to estimate the 30-day
infection-free survival and overall survival of each antibiotic treatment group (figures 2b and c). In
multivariable Cox models, anti-anaerobic antibiotic therapy remained independently associated with
decreased infection-free survival (HR 1.22, 95% CI 1.09-1.38; p=0.00072) and overall survival (HR 1.14,
95% CI 1.02-1.28; p=0.028) (table 4).

I
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FIGURE 3 Anti-anaerobic antibiotic therapy is independently associated with decreased ventilator-associated
pneumonia (VAP)-free survival. We constructed a multivariable Cox proportional hazards regression model
including Acute Physiology and Chronic Health Evaluation (APACHE) IV score, Charlson Comorbidity Index,
demographics, intensive care unit (ICU) of admission and anti-anaerobic antibiotic treatment to predict
VAP-free survival. The model was highly significant (concordance of 0.63; p<2.2x10~° for both Wald test and
likelihood ratio test). Anti-anaerobic antibiotic treatment was independently associated with increased hazard
of VAP or death (HR 1.24, 95% Cl 1.06-1.45).
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TABLE 5 Risk ratios from a logistic regression model of ventilator-associated pneumonia or death at 30 days

Risk ratio (95% Cl) p-value
Anaerobic coverage 1.23 (1.02-1.49) 0.030
Demographics and comorbidities
Age 1.01 (1.00-1.02) 0.36
Non-Caucasian 1.01 (0.82-1.25) 0.91
Male 0.92 (0.78-1.09) 0.36
APACHE IV 1.02 (1.01-1.02) <0.001
Charlson Comorbidity Index 1.02 (0.99-1.05) 0.14
ICU of admission
Cardiac 1.28 (0.90-1.82) 0.17
Medical 1.28 (0.96-1.71) 0.090
Trauma-burn 0.94 (0.64-1.38) 0.74
Cardiothoracic-surgical 0.72 (0.52-0.99) 0.045
Surgical 0.76 (0.55-1.06) 0.11
Neurological (reference) 1 Reference

APACHE: Acute Physiology and Chronic Health Evaluation; ICU: intensive care unit.

Inadequate coverage of a causative bacterial pathogen in patients admitted to the ICU with sepsis can be
fatal [65]. To determine if differences in mortality between treatment groups were confounded by adequacy
of initial antimicrobial treatment, we analysed the clinical microbiology of patients admitted to the ICU to
determine 1) if a patient had a culture-confirmed bacterial infection on presentation to the ICU and 2) if
the antibiotic treatment a patient received covered the pathogen isolated. We found that although all
patients in our cohort were treated with antibiotics, only 522 out of 1942 (26.8%) anti-anaerobic-treated
patients and 119 out of 1090 (10.9%) patients who did not receive anti-anaerobic coverage had evidence of
infection preceding the initiation of antibiotic treatment. Of those patients with a confirmed bacterial
infection on ICU admission, five patients who were not treated with anti-anaerobic antibiotics and 18
patients treated with anti-anaerobic antibiotics received treatment inadequate to cover the causative
pathogen. When we included adequacy of antibiotic treatment in our multivariable models, we found that
anti-anaerobic antibiotic treatment remained independently associated with decreased VAP-free survival
(HR 1.25, 95% CI 1.10-1.44; p=0.00075), infection-free survival (HR 1.21, 95% CI 1.08-1.37; p=0.0082)
and overall survival (HR 1.14, 95% CI 1.02-1.28; p=0.031). We concluded that it was unlikely that the
observed association between anti-anaerobic antibiotic treatment and survival was confounded by adequacy
of antibiotic treatment.

Administration of anti-anaerobic antibiotic therapy is associated with increased frequency of
Enterobacteriaceae VAP

Having established that anti-anaerobic antibiotic therapy is associated with decreased VAP-free survival,
we next asked if anti-anaerobic antibiotic therapy was associated with changes in the clinical microbiology
of VAP cases. To accomplish this, we compared the identity of culture-identified respiratory pathogens
among cases of VAP in each antibiotic treatment group. We included in our analysis cases classified as
“probable VAP” (cases meeting all criteria other than identification of a pathogen via culture) that we had
previously excluded in our survival analyses. We found that the distribution of pathogens differed
significantly between groups (p<2.2x107'®, Chi-squared test) (figure 4a). This difference was driven
primarily by the increased identification of Enterobacteriaceae spp. among patients treated with
anti-anaerobic antibiotics (n=35 (48%) cases of VAP in anti-anaerobic-treated versus n=6 (21%) cases of
VAP among untreated; p=0.0090) and secondarily by a decrease in the frequency of “probable VAP”
among anti-anaerobic-treated patients (n=5 (7%) cases of VAP in anti-anaerobic-treated versus n=7 (25%)
cases of VAP among untreated: p=0.049). We noted that overall, S. aureus was the most common
organism in patients that did not receive anaerobic coverage (n=8 (29%)) and Enterobacteriaceae spp. were
the most common organisms in the anti-anaerobic group (n=35 (48%), as already noted). A complete
listing of the pathogens causing VAP in the cohort can be found in supplementary tables S6 and S7.

Among mechanically ventilated patients who die, those treated with anti-anaerobic antibiotics are
more likely to die of infection-related causes

Having observed that the difference in our composite outcome (VAP-free survival) was largely driven by
differences in mortality rather than VAP, we next asked if causes of death varied across antibiotic treatment
groups. We reviewed the electronic medical records of the 842 decedents in our cohort to determine cause
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FIGURE 4 Administration of anti-anaerobic antibiotics is associated with increased identification of gut-associated bacteria in respiratory cultures.
a) We compared the distribution of pathogens causing ventilator-associated pneumonia (VAP) among treatment groups and found an increased
identification of Enterobacteriaceae spp. in patients treated with anti-anaerobic antibiotics (48% of cases of VAP in anti-anaerobic-treated versus
21% of cases of VAP without anaerobic treatment; p=0.0090 by t-test). b) We compared the distribution of pathogens causing fatal nosocomial
infection among treatment groups and again found an increased identification of Enterobacteriaceae in patients treated with anti-anaerobic
antibiotics (29% of cases in anti-anaerobic-treated versus 3% of cases without anaerobic treatment; p=0.0004 by t-test). *: p<0.05; **: p<0.01;
***: p<0.001.

of death, categorising the causes of death into 10 groups as guided by the CDC National Vital Statistics
instructions for classifying underlying cause of death [38]. Cause of death was determined without
knowledge of anti-anaerobic antibiotic exposure. We found that the distribution of causes of death varied
significantly between groups (table 6), driven primarily by increased infection-related deaths in
anti-anaerobic-treated patients, increased hepatic failure in anti-anaerobic-treated patients and decreased
deaths from a neurological process in patients with anti-anaerobic therapy. Among infection-related deaths,

TABLE 6 Causes of death in study cohort

Anti-anaerobic coverage (n=1942) No anaerobic coverage (n=1090) p-value
Cardiovascular 102 (18) 69 (26) 0.01
Pulmonary 125 (22) 54 (20) 0.56
Renal 9 (2.0 2 (1.0 0.26
Gastrointestinal 47 (8.0) 13 (5.0) 0.05
Infection 138 (24) 39 (14) <0.001
Hepatic 38 (7.0) 4 (1.0) <0.001
Neurological 63 (11) 64 (24) <0.001
Poisoning or overdose 9 (2.0) 4 (1.0) 0.93
Malignancy 22 (4.0) 9 (3.0) 0.72
Unknown 20 (3.0) 11 (4.0) 0.68
Total 573 (30) 269 (24) 0.009

Data are presented as n (%), unless otherwise stated.
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fatal infections were equally likely to be caused by the primary infectious process that led to admission (88
out of 177 (49% of infections)) as by subsequent nosocomial infections (89 out of 177 (51% of
infections)). We concluded that patients treated with anti-anaerobic therapy were more likely to die of
infection-related causes, although this difference does not entirely explain the mortality difference observed
across treatment groups.

Anti-anaerobic antibiotic therapy with increased frequency of Enterobacteriaceae spp. in fatal
nosocomial infection

Having observed an increased prevalence of Enterobacteriaceae spp. in anti-anaerobic-treated patients, we
next asked if this same pattern was present in fatal nosocomial infections, including infections other than
pneumonia. To accomplish this, we compared the distribution of pathogens and sites of infection among
patients with culture-confirmed nosocomial infection that led to death (figure 4b). We found that patients
treated with anti-anaerobic therapy were more likely to die of an infection caused by Enterobacteriaceae
spp. (29% of cases of fatal infection in anti-anaerobic-treated versus 3.0% of cases of fatal infection
without anaerobic treatment; p=0.026) and less likely to die of an infection caused by Staphylococcus
(2.0% of cases of fatal infection in anti-anaerobic-treated versus 32% of cases of fatal infection no
anaerobic treatment; p=0.00078), mirroring the changes we observed in VAP. We concluded that
anti-anaerobic antibiotic treatment was associated with an increased frequency of fatal Enterobacteriaceae
infections relative to other pathogens (including Staphylococcus spp.). A complete comparison of the
pathogens causing fatal nosocomial infection can be found in supplementary tables S8 and S9.

Early anti-anaerobic antibiotic therapy is associated with reduced gut bacterial density and
subsequent enrichment with Enterobacteriaceae spp. during hospitalisation

Given our observation that anti-anaerobic therapy was associated with an increased frequency of infection
with enteric pathogens (specifically Enterobacteriaceae spp.), we speculated that this difference could be
attributable to differential effects of these antibiotic regimens on gut microbiota. We thus sought to
determine the impact of anti-anaerobic therapy on gut microbiota of hospitalised patients. To accomplish
this, we characterised the bacterial density and community composition of gut microbiota of 116
hospitalised patients, all of whom were within our larger retrospective cohort. We analysed microbiota
detected in rectal swabs collected at the time of admission (after administration of antibiotics in the
emergency department) and a repeat swab acquired later during hospitalisation. Details regarding this
subcohort have previously been published [50].

We first analysed the bacterial density of rectal swab specimens collected at admission using droplet digital
PCR [50]. Although all 116 patients in the cohort eventually went on to receive antibiotic treatment, not all
patients received antibiotics prior to their initial rectal swab collection at the time of admission. Therefore,
we compared three groups: patients that did not receive antibiotics prior to their first swab collection
(n=32), patients that received antibiotics with anti-anaerobic activity (n=44) and patients that received
antibiotics without anaerobic activity (n=40). We found that bacterial density varied significantly across
groups (p=0.0016). Patients treated with anti-anaerobic antibiotics had a lower admission bacterial density
compared both with antibiotic-untreated patients (1.34 log 16S copies per sample; 95% CI for difference
—1.39--0.13 log 16S copies per sample; p=0.010) and with patients treated with antibiotics without
anaerobic activity (1.82 log 16S copies per sample; 95% CI for difference —1.97——0.78 log 16S copies
per sample; p=1.5x10"%) (figure 5a). We concluded that anti-anaerobic antibiotic therapy is associated
with a rapid and significant (1.34 log fold) decrease in the density of gut microbiota among hospitalised
patients.

Piperacillin—tazobactam, an antibiotic with both anaerobic and broad-spectrum Gram-negative activity, was
the most common antibiotic used as an anti-anaerobic treatment in our cohort. We therefore sought to
determine if the effects of anti-anaerobic antibiotic therapy on gut microbiota were confounded by
differences in broad-spectrum Gram-negative coverage. To accomplish this, we re-classified antibiotic
exposure by spectrum of Gram-negative activity (figure 5b). Specifically, antibiotic exposure was classified
by coverage of Pseudomonas aeruginosa, a common drug-resistant Gram-negative pathogen. We found no
significant association between anti-pseudomonal coverage and bacterial density among hospitalised
patients (p=0.52) nor any difference in density when comparing groups. We also found no association
between anti-pseudomonal coverage and VAP-free survival, infection-free survival and overall survival.
We thus concluded that anti-anaerobic coverage, and not Gram-negative coverage, is associated with
reduction in gut bacterial density and adverse clinical outcomes.

We next sought to characterise the effects of early anti-anaerobic antibiotics on changes in gut microbiota
during hospitalisation. To accomplish this, we measured the bacterial density and relative abundance of
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FIGURE 5 Administration of antibiotics with anti-anaerobic activity is associated with decreased gut bacterial
density among hospitalised patients. We compared the bacterial density of rectal swabs collected at the time
of admission for a subset of 116 hospitalised patients and compared patients based on the spectrum of
coverage of antibiotics administered in the emergency department. a) Patients who received antibiotics with
anti-anaerobic activity had lower gut bacterial density than patients who did not receive antibiotics (95% Cl for
difference —1.39- —0.13 log 16S copies per sample; p=0.010 by t-test) or who received antibiotics without
anaerobic activity (95% CI for difference —1.97- —0.78 log 16S copies per sample; p=1.5x102 by t-test). b) We
found no significant association between spectrum of Pseudomonas coverage and bacterial density of
admission rectal swab (Kruskal-Wallis test, p=0.52) nor any significant difference in mean bacterial density
when comparing groups. ns: nonsignificant; *: p<0.05; ****: p<0.0001 after correcting for multiple comparisons
with Tukey’s method.

Enterobacteriaceae detected in rectal swabs at ICU admission and on a repeat rectal swab acquired later
during hospitalisation. We focused on the relative abundance of Enterobacteriaceae spp. as these were the
organisms that were enriched in VAP and fatal nosocomial infection. We built two mixed effects models,
stratified by patient, to model the bacterial density and relative abundance of Enterobacteriaceae,
respectively, over time. We included age, sex, race, treatment with anti-anaerobic antibiotics, Charlson
Comorbidity Index and APACHE 1V score as covariates in the model (figure 6 and table 7).

We first modelled bacterial density as a function of our covariates and discovered that overall, gut bacterial
density decreased 0.066 log fold for every hospital day (95% CI —0.12——-0.00059; p=0.029). However,
early administration of anti-anaerobic antibiotic therapy changed the relationship between time and
bacterial density. Patients who received early anti-anaerobic antibiotics experienced increased bacterial
density over time (0.089 for interaction, 95% CI 0.020-0.16; p=0.011) (table 7 and figure 6a). Similarly,
while there was no strong association between time and relative abundance of Enterobacteriaceae in the
overall patient population (—0.19, 95% CI —0.41-0.030; p=0.10), patients with early anti-anaerobic
antibiotic treatment had increasing abundance of Enterobacteriaceae over time (0.26 for interaction, 95%
CI 0.00931-0.51; p=0.045) (table 7 and figure 6b). We concluded that early anti-anaerobic antibiotic
treatment was predictive both of increasing gut bacterial density during hospitalisation as well as an
increased relative abundance of Enterobacteriaceae spp.

Having discovered that patients treated with anti-anaerobic antibiotics had an increase in relative abundance
of Enterobacteriaceae throughout hospitalisation, we sought to determine if this was due to a depletion of
other taxa or expansion of Enterobacteriaceae. To accomplish this, we modelled the absolute abundance of
Enterobacteriaceae, calculated as total bacterial density multiplied by the relative abundance of
Enterobacteriaceae. We discovered that overall, the absolute abundance of Enterobacteriaceae decreased
0.17 log fold for every hospital day (95% CI —0.28——0.066; p=0.0018) (table 7). We noted, again, that
early anti-anaerobic antibiotic treatment changed the relationship between time and absolute abundance of
Enterobacteriaceae, with anti-anaerobic antibiotic treatment being associated with a 0.14 log increase in
absolute abundance of Enterobacteriaceae for every hospital day (95% CI 0.007-0.279; p=0.043). We
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FIGURE 6 Changes in gut microbiota during hospitalisation among patients with and without exposure to
anti-anaerobic antibiotic treatment. We measured the bacterial density and relative abundance of
Enterobacteriaceae spp. in a subset of 116 subjects with a rectal swab specimen collected at the time of
intensive care unit (ICU) admission and ICU discharge. a) Patients treated with anti-anaerobic antibiotics
exhibited an increase in gut bacterial density over time, while other antibiotic-treated patients exhibited a
decrease in gut bacterial density over time (B for interaction 0.089 log 16S copies per day of hospitalisation;
p=0.011). Mixed models were used for statistical analysis; change regression is depicted in this figure for ease
of visualisation. b) Patients treated with anti-anaerobic antibiotics exhibited an increase in Enterobacteriaceae
relative abundance over time (B for interaction 0.26% relative abundance per day of hospitalisation; p=0.042).

concluded that the increase in the relative abundance of Enterobacteriaceae was due to an expansion and
bloom of Enterobacteriaceae, and not a depletion of commensal gut anaerobes.

In murine models, gut anaerobe depletion increases susceptibility to Enterobacteriaceae pneumonia
and increases lethality of hyperoxia

Given that our human observational data were vulnerable to selection bias and confounding by indication,
we next sought to confirm our findings and interrogate the biology underlying our observation that
anti-anaerobic antibiotics increase the risk of VAP and mortality using experimental murine modelling.
Informed by prior literature, we hypothesised that 1) anti-anaerobic antibiotics cause decreased bacterial
clearance and altered alveolar immunity in an infectious model [14], and 2) anti-anaerobic antibiotics
augment the pulmonary and systemic toxicity of a noninfectious model (hyperoxia) [16]. We compared
mice treated with piperacillin—tazobactam or cefepime, as these antibiotics were common in our human
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TABLE 7 Coefficients for fixed effects in models of bacterial density, relative abundance of Enterobacteriaceae

and absolute abundance of Enterobacteriaceae

Coefficient (95% Cl) p-value
Model: bacterial density”
Hospital day —0.066 (—0.12-0.0059) 0.029
Anti-anaerobic treatment —1.48 (—2.41--0.59) 0.0017
Age 0.026 (—0.0061-0.058) 0.12
Male —0.38 (—1.28-0.51) 0.42
Non-Caucasian —1.09 (—2.36-0.17) 0.10
APACHE IV score —0.073 (—0.22-0.080) 0.36
Charlson Comorbidity Index 0.22 (0.0010-0.44) 0.058
Hospital dayxanti-anaerobic treatment 0.089 (0.020-0.16) 0.011
Model: relative abundance of Enterobacteriaceae®
Hospital day —0.19 (—0.41-0.032) 0.099
Anti-anaerobic treatment —1.79 (—5.63-2.05) 0.36
Age 0.043 (—0.12-0.21) 0.62
Male 1.10 (—3.51-5.71) 0.65
Non-Caucasian —0.19 (—6.73-6.36) 0.96
APACHE IV score 0.36 (—0.43-1.14) 0.39
Charlson Comorbidity Index 0.25 (—0.89-1.40) 0.68
Hospital dayxanti-anaerobic treatment 0.26 (0.0093-0.51) 0.045
Model: absolute abundance of Enterobacteriaceae”
Hospital day —0.17 (—0.28——0.066) 0.0018
Anti-anaerobic treatment —1.31 (—3.11-0.45) 0.15
Age 0.085 (0.0030-0.17) 0.048
Male 0.294 (—2.00-2.59) 0.81
Non-Caucasian 0.597 (—2.63-3.81) 0.72
APACHE IV score —0.033 (—0.44-0.37) 0.88
Charlson Comorbidity Index —0.15 (—0.75-0.44) 0.62
Hospital dayxanti-anaerobic treatment 0.14 (0.0070-0.28) 0.043

APACHE: Acute Physiology and Chronic Health Evaluation. *: the mixed effects regression modelled the bacterial
density (log 16S copies per sample) by hospital day. The interaction term between hospital day and
anti-anaerobic treatment represents the log change in bacterial density per hospital day in the
anti-anaerobic-treated group compared with the nontreated group. “: the mixed effects regression modelled the
relative abundance of Enterobacteriaceae (% of bacterial community) by hospital day. The interaction term
between hospital day and anti-anaerobic treatment represents the relative abundance of Enterobacteriaceae
per hospital day in the anti-anaerobic-treated group compared with the nontreated group. *: the mixed effects
regression modelled the absolute abundance of Enterobacteriaceae (% of bacterial community) by hospital day.
The interaction term between hospital day and anti-anaerobic treatment represents the absolute abundance of
Enterobacteriaceae per hospital day in the anti-anaerobic-treated group compared with the nontreated group.

cohort and have a similar spectrum of activity, but differ in their anaerobic coverage (present in
piperacillin-tazobactam, absent in cefepime). As an infectious model, we used intratracheal instillation of
K. pneumoniae (as Enterobacteriaceae were the most enriched family of pathogens in patients treated with
anti-anaerobic antibiotics) and S. aureus (as it was the most enriched pathogen among patients not treated
with anti-anaerobic antibiotics). As a noninfectious model, we used hyperoxia, which is a common ICU
exposure [66], causes lung injury and multi-organ failure in animal models [67, 68], and is modulated in
part by the microbiome [16].

In our pneumonia model, we found that pre-treatment with anti-anaerobic antibiotics (piperacillin—
tazobactam) resulted in decreased clearance of K. pneumoniae 24 h following inoculation, both compared
with mice pre-treated with saline (control) and cefepime (which lacks anti-anaerobic activity) (figure 7). In
contrast, pre-treatment with piperacillin-tazobactam had no effect on S. aureus clearance. We thus
concluded that anti-anaerobic antibiotic therapy results in impaired bacterial clearance in a taxonomically
specific manner that is aligned with our observational human data (figure 4).

In our hyperoxia model, we measured lung injury and survival in mice exposed to 3—4 days of inspiratory
oxygen fraction (Fio,) 95%. Following 3 days of hyperoxia, piperacillin—tazobactam-treated mice did not
differ from cefepime- or saline-treated mice in alveolar protein or alveolar IgM (indices of capillary leak)
(figure 7). However, following 4 days of hyperoxia (at which time-point we have previously demonstrated
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FIGURE 7 The effects of gut anaerobe depletion on infectious and noninfectious lung injury in mice. We
experimentally modulated gut microbiota in female C57BL/6 mice using intraperitoneal piperacillin-
tazobactam (PT) (anti-anaerobic), cefepime (not anti-anaerobic) and saline sham controls. We compared
alveolar inflammation and bacterial clearance in a, b) two infectious models (intratracheal Klebsiella
pneumoniae and Staphylococcus aureus) and c-e) a noninfectious model (hyperoxia). a, b) In the pneumonia
models, gut anaerobe depletion decreased clearance of a) K. pneumoniae but not b) S. aureus. In the
hyperoxia model, gut anaerobe depletion had no significant effect on c, d) day 3 lung injury but e) increased
day 4 mortality. Fio,: inspiratory oxygen fraction. ns: nonsignificant; *: p<0.05; ***: p<0.001; ****: p<0.0001.
Significance determined using Kruskal-Wallis rank sum test with Dunn’s multiple comparisons test.
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that ceftriaxone results in augmented lung injury [16]), we observed a marked increase in mortality among
piperacillin—tazobactam-treated mice compared with cefepime- and saline-treated mice (p=0.00020).

Taken together, we concluded that while gut anaerobe depletion (via piperacillin-tazobactam) has no effect
on bacterial clearance in S. aureus pneumonia or early oxygen-induced lung injury, it has deleterious
effects both on experimental Enterobacteriaceae pneumonia and the lethality of hyperoxia.

Discussion

The core finding of this study is that among critically ill patients, early treatment with anti-anaerobic
antibiotics is associated with decreased VAP-free, infection-free and overall survival. While anti-anaerobic
antibiotics were associated with disruption of gut microbiota and alteration of respiratory microbiology, our
human and animal findings both suggest that their mortality risk is incompletely explained by
infection-related outcomes alone.

To the best of our knowledge, our study is the first to demonstrate that anti-anaerobic antibiotic therapy is
associated with adverse outcomes in critically ill patients. While prior antibiotic exposure is a known risk
factor for VAP [69-71], specific classes have not been implicated. Contemporary studies have suggested
that the prevalence of anaerobic pathogens among hospitalised patients is far less than previously thought
[17, 19]. We thus believe the widespread empiric use of anti-anaerobic antibiotics in hospitalised patients
should be reconsidered.

While our core findings are novel, they are consistent with prior experimental and observational findings.
Animal modelling has revealed that depletion of gut anaerobes increases susceptibility to pneumococcal
pneumonia [14] and anti-anaerobic antibiotic therapy has previously been associated with expansion of
enteric pathogens in hospitalised patients [72, 73]. Contemporary, culture-independent studies have
demonstrated that piperacillin—tazobactam, the most prescribed anti-anaerobic antibiotic in our cohort, is
particularly disruptive to gut microbiota [20, 50, 74, 75]. We have previously demonstrated that treatment
with ceftriaxone (which depletes gut anaerobes [76-79]) increases the severity of hyperoxic lung injury
[16]. Exposure to anti-anaerobic antibiotics is predictive of adverse clinical outcomes in haematopoietic
stem cell transplant recipients [20] and ICU survivors [80]. Thus the experimental and observational
evidence supporting a protective role of gut anaerobes across disease states and species is robust.

While anti-anaerobic antibiotic exposure was associated with increased risk of VAP and nosocomial
infection, overall differences in survival could not be explained by increased infection rates alone. Most
deaths were due to noninfectious causes in both treatment groups and the overall survival difference (7%
unadjusted and 3.9% adjusted) exceeds the anticipated 1% attributable mortality of VAP [81]. Our animal
experimentation similarly showed that anaerobe depletion had both a direct effect of increased
susceptibility to Enterobacteriaceae pneumonia and markedly increased lethality of hyperoxia. These
findings parallel results from the randomised clinical trials of anaerobe-sparing SDD, which has a mortality
benefit that exceeds the attributable mortality of VAP [11, 63, 64]. These findings suggest that the
protective effects of gut anaerobes are multifaceted and do not simply represent colonisation resistance
against potential pathogens.

Patients treated with anti-anaerobic antibiotics exhibited both domination of gut microbiota by
Enterobacteriaceae spp. during hospitalisation as well as enrichment of Enterobacteriaceae spp. among
culture-confirmed VAP pathogens. In two recent studies, enrichment of Enterobacteriaceae within the lung
microbiome of mechanically ventilated patients was associated with acute respiratory distress syndrome
and predictive of adverse clinical outcomes [82—-84]. These findings, considered with recent experimental
and human evidence [85], suggest that translocation of gut bacteria is one mechanism by which anaerobe
depletion may contribute to VAP, lung injury and extrapulmonary organ failure in critical illness.

Our retrospective, observational human study was vulnerable to selection bias and confounding by
indication. However, our murine experimentation, with its controlled experimental design, was not
vulnerable to clinical confounding. We believe that our murine modelling recapitulated both the added
mortality effect of anti-anaerobic antibiotics in addition to the increased vulnerability to Enterobacteriaceae
infection. Our results are also consistent with numerous observational and experimental studies. Despite
this, we believe that prospective, randomised controlled trials would be necessary to definitively establish
the harm of gut anaerobe depletion among critically ill patients, and additional experimental and
translational inquiry will be necessary to determine the mechanisms by which gut anaerobes provide
protection against organ failure and mortality in critically ill patients.
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Conclusions

In critically ill patients, the use of anti-anaerobic antibiotics is associated with decreased VAP-free,
infection-free and overall survival. Both observational clinical data and animal modelling suggest that this
mortality risk is not solely attributable to increased rates of infection. Further inquiry is needed to
interrogate the mechanisms underlying this mortality risk. Clinically, the widespread use of anti-anaerobic
antibiotics in hospitalised patients should be reconsidered given clinical and experimental evidence of harm.
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