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ABSTRACT Whether multidrug resistance (MDR) is associated with mortality in pa-
tients with Pseudomonas aeruginosa bloodstream infections (BSI) remains controver-
sial. Here, we explored the prognostic factors of P. aeruginosa BSI with emphasis on
antimicrobial resistance and virulence. All P. ageruginosa BSI episodes in a 5-year pe-
riod were retrospectively analyzed. The impact in early (5-day) and late (30-day)
crude mortality of host, antibiotic treatment, and pathogen factors was assessed by
multivariate logistic regression analysis. Of 243 episodes, 93 (38.3%) were caused by
MDR-PA. Crude 5-day (20%) and 30-day (33%) mortality was more frequent in pa-
tients with MDR-PA (34.4% versus 11.3%, P < 0.001 and 52.7% versus 21.3%, P <
0.001, respectively). Early mortality was associated with neutropenia (adjusted odds
ratio [aOR], 9.21; 95% confidence interval [Cl], 3.40 to 24.9; P < 0.001), increased Pitt
score (aOR, 2.42; 95% Cl, 1.34 to 4.36; P = 0.003), respiratory source (aOR, 3.23; 95%
Cl,2.01 to 5.16; P < 0.001), inadequate empirical therapy (aOR, 4.57; 95% Cl, 1.59 to
13.1; P = 0.005), shorter time to positivity of blood culture (aOR, 0.88; 95% Cl, 0.80
to 0.97; P = 0.010), an exoU-positive genotype (aOR, 3.58; 95% Cl, 1.31 to 9.79; P =
0.013), and the O11 serotype (aOR, 3.64; 95% Cl, 1.20 to 11.1; P = 0.022). These risk
factors were similarly identified for late mortality, along with an MDR phenotype
(aOR, 2.18; 95% Cl, 1.04 to 4.58; P = 0.040). Moreover, the O11 serotype (15.2%, 37/
243) was common among MDR (78.4%, 29/37) and exoU-positive (89.2%, 33/37)
strains. Besides relevant clinical variables and inadequate empirical therapy, pathogen-
related factors such as an MDR phenotype, an exoU-positive genotype, and the O11
serotype adversely affect the outcome of P. aeruginosa BSI.
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seudomonas aeruginosa is a severe cause of bloodstream infections (BSI), with

mortality rates above 30%, despite advances in medical care (1, 2). The presence of
underlying diseases, the source of infection, and the severity of acute presentation are
key host factors modulating prognosis (3, 4). Delayed adequate antimicrobial therapy
is also independently associated with increased mortality (5, 6). In addition, pathogen-
related factors, such as antimicrobial resistance and virulence traits are crucial elements
which may affect the clinical outcomes of P. aeruginosa infections (7).

In this regard, a concern for P. aeruginosa infections is in the global emergence of
multidrug resistant (MDR) and extensively drug resistant (XDR) strains, which limit the
selection of effective antimicrobial therapies (8, 9). Successful selection of chromosomal
mutations and the growing acquisition of transferable resistance determinants, partic-
ularly those encoding carbapenemases (e.g., GES, VIM, or IMP), are responsible for this
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increasing threat (10). Of note, some MDR/XDR strains, denominated high-risk clones,
have a clonal epidemic population structure with limited sequence types (ST111, ST175,
ST235) and a well-described ability to disseminate and cause severe infections (11, 12).
However, despite the global spread of these high-risk clones, the real impact of
multidrug resistance is still controversial. In many cases, MDR P. geruginosa strains incur
biological costs that compromise their pathogenic potential (13). However, this effect
may vary significantly depending on the specific genetic context of the strains (14).

P. aeruginosa employs the toxins of the type Ill secretion system (TTSS) to interact
with specific host targets and establish infection (15). Of the four TTSS effector proteins
(ExoS, ExoT, ExoU, and ExoY), ExoU has been associated with poor outcomes in both
clinical and experimental studies (16-19). In addition, it has been reported that some
P. aeruginosa strains expressing lipopolysaccharide O-antigen serotypes, such as O1
and O11, may induce a worse prognosis in respiratory tract infections (20, 21). However,
the correlation between resistance phenotype, TTSS genotype, and O serotype, and
how these impact P. ageruginosa BSI, has not been consistently explored in clinical
studies.

The assessment of host, pathogen, and treatment factors, which may account for the
severity and mortality of P. aeruginosa BSI, may be of help in improving patient
outcomes. Thus, the main objective of this study was to explore the prognostic factors
affecting mortality in a large cohort of patients with P. aeruginosa BSI, with an emphasis
on antimicrobial resistance and virulence.

(The preliminary results of this study were presented as a poster presentation at the
XXIII Congress of the Spanish Society of Infectious Diseases and Clinical Microbiology
(SEIMC), Madrid, Spain, 23 to 25 May 2019.)

RESULTS

Among 294 patients with P. aeruginosa BSI, 51 were excluded from the study owing
to polymicrobial bacteremia (n = 25), an age of less than 18 years (n = 17), or incom-
plete clinical or microbiological information (n=9). Finally, 243 patients with
laboratory-confirmed P. aeruginosa BSI were included in this study (Fig. 1).

MDR versus non-MDR phenotype. An MDR phenotype was documented in 93
(38.3%) isolates (87 [93.5%] were XDR and 6 [6.5%] were MDR non-XDR), while a
non-MDR phenotype was observed in 150 (61.7%) isolates (127 [84.7%)] were moder-
ately resistant and 23 [15.3%] were multidrug susceptible). The main variables related
to the MDR phenotype are detailed in Table 1. Patients with an MDR phenotype had a
greater proportion of respiratory infections (35.5% versus 14.7%, P < 0.001) with a
higher Pitt score (2 [1 to 3] versus 2 [0 to 3], P = 0.069) and septic shock (34.4% versus
22.7%, P = 0.064), compared to those with a non-MDR phenotype. Combined empirical
antimicrobial therapy was used in 47.7% of cases and showed higher odds of being
adequate in comparison with monotherapy (79.3% versus 49.6%, P < 0.001). Of note,
inadequate empirical antimicrobial therapy was higher in patients with an MDR phe-
notype (59.1% versus 20.0%, P < 0.001). Moreover, an MDR phenotype determined
significant differences in both early (34.4% versus 11.3%, P < 0.001) and late crude
mortality (52.7% versus 21.3%, P < 0.001) (Fig. STA and S1D in the supplemental
material).

Antimicrobial susceptibility testing results for P. aeruginosa isolates are displayed
in Table 2. Most XDR isolates were susceptible only to colistin (100%), amikacin
(56.3%), and ceftazidime-avibactam (49.4%). For XDR strains, the most commonly
identified carbapenemase was VIM-2 (43 strains [18.0%)]), followed by GES-5 (33
strains [13.6%)]). Pulsed-field gel electrophoresis showed two major epidemic clonal
lineages within XDR strains (A = 33 and B = 43). Multilocus sequence typing anal-
ysis revealed that these XDR strains were frequently linked to high-risk clones,
including ST175 (43 strains [18.0%]) and ST235 (33 strains [13.6%]). Table S1 shows
a comparative analysis between MDR/XDR ST175 and ST235 high-risk clones.
Patients with BSI caused by strains belonging to the ST235 clone presented a more
severe clinical presentation and a poorer prognosis. Ceftolozane-tazobactam was
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FIG 1 Study flow diagram. Non-duplicated clinical isolates from P. aeruginosa bloodstream infection patients between 2013
and 2017. Only the first episode of bacteremia recorded for each individual patient was included. MDR, multidrug resistant;

PA, P. aeruginosa; BSI, bloodstream infections.

only active against the noncarbapenemase-producing strains. Also, ceftazidime-
avibactam was only active against GES-5 carbapenemase-producing isolates.

exoU-positive versus exoU-negative genotype. The presence of exoT and exoY
genes was documented in most strains (235 [96.7%] and 227 [93.4%)], respectively).
Concomitantly, all strains were positive for either exoU or exoS genes (50 [20.6%] and
185 [76.1%], respectively), except for 8 (3.3%) strains that were negative for both genes.
The main variables related to the exoU genotype are shown in Table S2. Patients with
an exoU-positive genotype had a greater proportion of respiratory infections (36.0%
versus 19.2%, P = 0.019) with a higher Pitt score (3 [1 to 4] versus 2 [0 to 3], P = 0.035)
and septic shock (52.0% versus 20.7%, P < 0.001), compared to the exoU-negative
genotype. Likewise, an exoU-positive genotype determined significant differences in
both early (40.0% versus 15.0%, P < 0.001) and late (60.0% versus 26.4%, P < 0.001)
crude mortality (Fig. S1B and S1E). Because exoT and exoY genotypes were mostly
positive, these genes were not included in the analysis.

011 versus non-011 serotypes. The O-antigen serotype was documented in most
strains (213 [87.7%)]), while 30 (12.3%) isolates were nontypeable. The most prevalent
serotype was 04 (50 [20.6%]) followed by O1 (38 [15.6%]), 06 (38 [15.6%]), and O11 (37
[15.2%]) serotypes. The main characteristics according to O-antigen serotype are shown
in Fig. 2. Patients infected with O11 serotype strains had a greater proportion of
high-risk sources (78.4% versus 58.7%, P = 0.027), chiefly respiratory source, with a
higher Pitt score (3 [2 to 3] versus 2 [0 to 3], P = 0.012) and septic shock (54.1% versus
22.3%, P < 0.001) compared to other O serotypes. In addition, there was a significant
increase in 5-day and 30-day crude mortality in patients with an O11 serotype BSI
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TABLE 1 Comparative analysis of cases with MDR and non-MDR bloodstream infections caused by P. aeruginosa

Variable® Totalad MDR® Non-MDR¢ P
Median age (IQR) 66.0 (55.0-77.0) 63.0 (55.0-73.0) 67.0 (55.0-78.0) 0.079
No. (%) of males 161 (66.3) 56 (60.2) 105 (70.0) 0.153
Comorbidity
Charlson comorbidity index 2 (2-3) 2 (2-4) 2 (1-3) 0.513
No. diabetes mellitus (%) 63 (25.9) 31 (33.3) 2 (21.3) 0.054
No. end-stage renal disease (%) 41 (16.9) 2 (12.9) 9 (19.3) 0.261
No. solid malignancy (%) 50 (20.6) 19 (20.4) 31 (20.7) 0.965
No. hematological malignancy (%) 62 (25.5) 1 (33.3) 31 (20.7) 0.040
No. severe neutropenia (%) 58 (23.9) 30 (32.3) 28 (18.7) 0.024
No. transplant (%) 52 (21.4) 19 (20.4) 33 (22.0) 0.897
No. prior MDR colonization (%) 34 (13.9) 31 (33.3) 3 (2.0) <0.001
No. ICU admission in previous 3 mo. (%) 44 (18.1) 17 (18.3) 27 (18.0) 0.956
Prior invasive procedures
No. venous catheter (%) 146 (60.1) 70 (75.3) 76 (50.7) <0.001
No. urinary catheter (%) 107 (44.0) 41 (44.1) 66 (44.0) 0.989
No. mechanical ventilation (%) 36 (14.8) 17 (18.3) 19 (12.7) 0.312
No. surgery in previous mo. (%) 81 (33.3) 37 (39.8) 44 (29.3) 0.124
No. antimicrobial therapy in previous mo. (%) 170 (69.9) 82 (88.2) 88 (58.7) <0.001
No. carbapenems (%) 54 (22.2) 36 (38.7) 18 (12.0) <0.001
No. fluoroquinolones (%) 52 (21.4) 29 (31.2) 23 (15.3) 0.006
Acquisition type
No. nosocomial (%) 137 (56.4) 71 (76.3) 66 (44.0) <0.001
No. healthcare-associated (%) 82 (33.7) 22 (23.7) 60 (40.0) 0.013
No. community (%) 24 (9.9) 0 (0) 24 (16.0) <0.001
Ward of admission
No. medical (%) 120 (49.4) 29 (31.2) 1 (60.7) <0.001
No. onco-hematological (%) 51 (21.0) 8 (30.1) 23 (15.3) 0.009
No. surgical (%) 29 (11.9) 4 (15.1) 5(10.0) 0.328
No. critical care (%) 43 (17.7) 22 (23.7) 1 (14.0) 0.081
Primary source of infection
No. high-risk source (%) 150 (61.7) 67 (72.0) 3 (55.3) 0.014
No. unknown (%) 26 (10.7) 8 (8.6) 8 (12.0) 0.536
No. respiratory (%) 55 (22.6) 33 (35.5) 22 (14.7) <0.001
No. abdominal (%) 50 (20.6) 21 (22.6) 9 (19.3) 0.656
No. soft tissue (%) 19 (7.8) 5(54) 14 (9.3) 0.330
Low-risk source 93 (38.3) 26 (27.9) 67 (44.7) 0.014
No. urinary (%) 67 (27.6) 18 (19.4) 49 (32.7) 0.035
No. vascular catheter (%) 23 (9.5) 7 (7.5) 16 (10.7) 0.557
No. other (%) 3(1.2) 1(1.1) 2(1.3) 1.000
Clinical presentation
No. Pitt bacteremia score =2 (%) 135 (55.6) 60 (64.5) 75 (50.0) 0.038
No. septic shock (%) 66 (27.2) 32 (34.4) 34 (22.7) 0.064
No. inadequate empiric antibiotic (%) 85 (34.9) 55 (59.1) 30 (20.0) <0.001
Carbapenemase type/ST
No. VIM-2/ST175 (%) 43 (17.7) 43 (46.2) 0 (0) <0.001
No. GES-5/5T235 (%) 33 (13.6) 33 (35.5) 0 (0) <0.001
TTSS genotype
No. exoU+/exoS— (%) 50 (20.6) 33 (35.5) 17 (11.3) <0.001
No. exoU—/exoS+ (%) 185 (76.1) 59 (63.4) 126 (84.0) <0.001
No. exoU—/exoS— (%) 8 (3.3) 1(1.1) 7 (4.7) 0.001
O-antigen serotype
No. O1 (%) 38 (15.6) 8 (8.6) 30 (20.0) 0.028
No. 04 (%) 50 (20.6) 44 (47.3) 6 (4.0) <0.001
No. 06 (%) 38 (15.6) 6 (6.5) 32 (21.3) <0.001

(Continued on next page)
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TABLE 1 (Continued)
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Variable® Totalad MDR® Non-MDR¢ P
No. 011 (%) 37 (15.2) 29 (31.2) 8 (5.3) <0.001
No. other O-types (%) 80 (32.9) 6 (6.5) 74 (49.3) <0.001
Median TTP (hours) of blood culture (IQR)" 16.0 (12.0-19.0) 16.0 (12.0-19.0) 15.0 (12.0-18.0) 0.553
Outcome
No. 5-day mortality (early mortality) (%) 49 (20.2) 32 (34.4) 17 (11.3) <0.001
No. 30-day mortality (late mortality) (%) 81 (33.3) 49 (52.7) 32 (21.3) <0.001

aTotal cases; n = 243, 100%.

bCases with MDR infections; n = 93, 38.3%.
<Cases with non-MDR infections; n = 150, 61.7%.
dData are expressed as n (%) or median (IQR).

€MDR, multidrug-resistant; ICU, intensive care unit; ST, sequence type; TTSS, type Il secretion system; TTP, time to positivity.

fTime from the start of incubation to the alert signal in the blood culture system.

compared to other O serotypes (48.6% versus 15.0%, P < 0.001 and 67.6% versus 27.2%,
P < 0.001, respectively) (Fig. S1C and S1F).

Association between O-antigen serotype, resistance phenotype, and TTSS
genotype. As shown in Fig. 2, serotypes O4 and O11 were more frequently associated
with an MDR phenotype than were other O serotypes (88.0% versus 25.4%, P < 0.001
and 78.4% versus 31.1%, P < 0.001, respectively). In fact, within the MDR phenotype, a
significant association was observed between O4 and O11 serotypes and the XDR
phenotype (86.0% versus 22.8%, P < 0.001 and 78.4% versus 28.2%, P < 0.001, respec-
tively). Likewise, within the XDR phenotype, the O4 serotype was identified in all the
VIM-2/ST175 (43 [100%]) strains and the O11 serotype in most of GES-5/ST235 (29
[87.9%]) strains. Concomitantly, the O11 serotype was more frequently associated with
the exoU-positive genotype than other O serotypes (89.2% versus 8.3%, P < 0.001). In
contrast, 04 and 06 serotypes were more frequently associated with the exoU-negative
genotype than were other O serotypes (100% versus 70.0%, P < 0.001 and 94.7% versus
72.5%, P = 0.002, respectively). In summary, the O4 serotype was strongly associated
with the XDR phenotype (VIM-2/ST175 clone) and the exoU-negative genotype,
whereas the O11 serotype was positively linked to the XDR phenotype (GES-5/ST235
clonal complex) and the exoU-positive genotype.

5-day and 30-day crude mortality. Outcome was able to evaluated in 240 patients
(98.8%). Among them, 46 (19.2%) died within 5days. Univariate and multivariate
analyses are shown in Table 3 and Table 4. A statistically significant inverse “dose-
response” effect was observed between the time to positivity of blood culture and the
mortality rate (Fig. S2). Because an interconnected nature has been observed of
pathogen-related factors, which can result in collinearity, we performed a multivariate
analysis using three separate models, including either the MDR phenotype or adequate
empirical therapy, and the exoU genotype or O11 serotype. After adjustment for
significant variables, host factors, including neutropenia, primary infection of respira-
tory tract, increased Pitt score, and a shorter time to positivity of blood culture, showed
a significant association with increased 5-day mortality in all three models. In addition,
inadequate empirical antimicrobial treatment (aOR, 4.57; 95% Cl,1.59 to 13.1; P =
0.005), along with infection by an exoU-positive strain (aOR, 3.58; 95% Cl, 1.31 to 9.79;
P = 0.013), or by an O11 serotype strain (aOR, 3.64; 95% Cl, 1.20 to 11.1; P = 0.022),
proved to be independent predictors of 5-day mortality in each model. Bacteremia by
an MDR isolate showed a trend toward higher mortality when adjusted by other
parameters (aOR, 2.39; 95% Cl, 0.97 to 5.87; P = 0.057).

Seventy-eight (32.5%) patients died within 30 days. Similar risk factors for 30-day
mortality were observed in the univariate and multivariate analyses (Table 3 and Table
4). The MDR phenotype proved to be an independent risk factor for mortality (aOR,
2.18; 95% Cl, 1.04 to 4.58; P = 0.040). Again, a shorter time to positivity of blood culture
was associated with higher mortality. Of interest, the nosocomial acquisition of bacte-
remia proved to be an independent predictor of 30-day mortality (aOR, 1.62; 95% Cl,
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O-antigen serotype n (%)

Total 01 serotype 04 serotype 06 serotype
243 (100) 38(15.5) 51(20.8) 38 (15.5)

Antimicrobial Agents and Chemotherapy

Others/NT
80(32.7)

Nosocomial 56.4
Low-risk infection 383
High-risk infection 61.7

Pitt score 22 55.6

Septic shock 27.2

Clinical factors

5-day mortality 20.2
30-day mortality 333
MDR phenotype 38.3
Non-MDR phenotype 61.7
VIM-2/ST175 17.7
GES-5/5T235 13.6

exoU+/exoS- 20.6

Pathogen factors

exoU-/exoS+ 76.1

exoU-/exoS- | 3.3 2.6

o

% 0O 20 40 60 80 100 O 20 40 60 80 100 0 20 40 60 80 100 O 20 40 60 80 100
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42.5
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55.0

51.3
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81.3

FIG 2 Clinical and pathogen factors in P. aeruginosa isolates from bloodstream infection patients according to O-antigen serotype. The proportion of isolates
for each variable is indicated in the bar chart. Statistical significance (P =< 0.05) by x? or Fisher test is represented by colored bars (black, more prevalent; white,

less prevalent). MDR, multidrug resistant; NT, nontypeable.

1.10 to 2.37; P = 0.012). A stratified analysis according to MDR phenotype revealed that
an exoU-positive genotype and O11 serotype were associated with increased 30-day
mortality both in patients with an MDR phenotype (log-rank test, P = 0.011 and P =
0.007) and a non-MDR phenotype (log-rank test, P = 0.021 and P = 0.008) (Fig. 3).

DISCUSSION

In this study, we have performed a detailed clinical and microbiological investiga-
tion to explore the risk factors affecting the prognosis of P. aeruginosa BSI. Our results
confirm the high mortality associated with this infection, with 20% and 33% of patients
dying within the first 5 and 30 days, respectively. This finding is consistent with recent
data showing the high lethality of this condition compared with bacteremia caused by
other microorganisms (22). We have shown that the poor observed outcome is the
result of dynamic factors operating at the level of the host, the microorganism, and the
antimicrobial therapy (14). With respect to the pathogen, both the development of
antimicrobial resistance and its virulence must be addressed in order to have a
complete perspective on the clinical problem.

After adjustment for potential confounders, our results suggest that patients with an
MDR P. aeruginosa BSI have about roughly twice the odds of dying compared to
patients infected with non-MDR isolates. Several studies have identified an association
between antimicrobial resistance and an adverse clinical prognosis (1, 3, 5). However,
the real impact of multidrug resistance is not so well established. In many cases,
acquisition of antimicrobial resistance may be accompanied by a fitness cost and
decreased virulence, therefore reducing disease severity and consequently mortality (7,
13, 14). However, this effect may vary significantly depending on the specific genetic
context of the involved strains (14). Data presented here suggest that P. aeruginosa
pathogenicity not only depends on the fitness cost of antimicrobial resistance, but also
on the presence of some virulence determinants such as the TTSS genotype and the
lipopolysaccharide O-antigen serotype.
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TABLE 3 Univariate analysis of predictors factors for 5-day and 30-day crude mortality of patients with P. aeruginosa bloodstream

infections.
Early mortality (5-day)9 Late mortality (30-day)¢

Variable® Nonsurvivors? Survivors® P Nonsurvivors© Survivors? P
Median age (IQR) 66.0 (57.0-77.0) 58.0 (53.0-74.0) 0.059 66.0 (57.0-77.0) 62.0 (53.0-76.0) 0.157
No. (%) of males 28 (60.9) 131 (67.5) 0.493 44 (56.4) 115 (71.0) 0.037
Charlson comorbidity index 2 (2-4) 2 (2-3) 0.767 2 (2-3) 2 (1 -3) 0.776
No. hematological malignancy (%) 24 (52.2) 37 (19.1) <0.001 29 (37.2) 2 (19.8) 0.006
No. severe neutropenia (%) 26 (56.5) 32 (16.5) <0.001 33 (42.3) 25 (15.4) <0.001
No. nosocomial acquisition (%) 34 (73.9) 101 (52.1) 0.012 59 (75.6) 76 (46.9) <0.001
No. high-risk source (%) 44 (95.7) 103 (53.1) <0.001 66 (84.6) 81 (50.0) <0.001
No. respiratory (%) 29 (63.0) 24 (12.4) <0.001 35 (44.9) 8 (11.1) <0.001
No. Pitt bacteremia score =2 (%) 40 (86.9) 92 (47.4) <0.001 62 (79.5) 70 (43.2) <0.001
No. septic shock (%) 7 (58.7) 37 (19.1) <0.001 35 (44.9) 9(17.9) <0.001
No. inadequate empiric antibiotic (%) 2 (47.8) 63 (32.5) 0.074 30 (38.5) 5(33.9) 0.589
No. MDR phenotype (%) 1(67.4) 61 (31.4) <0.001 48 (61.5) 44 (27.2) <0.001
No. VIM-2/ST175 (%) 3 (28.3) 29 (14.9) 0.055 20 (25.6) 2 (13.6) 0.034
No. GES-5/5T235 (%) 15 (32.6) 18 (9.3) <0.001 3 (29.5) 10 (6.2) <0.001
No. exoU+/exoS— genotype (%) 19 (41.3) 30 (15.5) <0.001 9 (37.2) 20 (12.3) <0.001
No. O4 serotype (%) 14 (30.4) 35 (18.0) 0.095 1(26.9) 28 (17.3) 0.118
No. O11 serotype (%) 18 (39.1) 19 (9.8) <0.001 25 (32.1) 12 (7.4) <0.001
Median TTP (hours) of blood culture (IQR)" 14.0 (11.0-16.0) 16.0 (12.0-19.0) 0.005 14.0 (11.0-17.0) 17.0 (13.0-19.0) 0.001
aEarly nonsurvivors; n = 46, 19.2%.
bEarly survivors; n = 194, 80.8%.
cLate nonsurvivors; n = 78, 32.5%.
dlate survivors; n = 162, 67.5%.
€MDR, multidrug-resistant; ST, sequence type; TTP, time to positivity.
fTime from the start of incubation to the alert signal in the blood culture system.
gThree patients were excluded from analysis due to palliative treatment, thus the total was n = 240.

Accordingly, we found that the exoU-positive genotype and the O11 serotype were
risk factors for mortality, independently of other variables, including multidrug resis-
tance (Fig. 3). The TTSS genotype is considered one of the most important virulence
determinants of P. aeruginosa (15, 23). Of the four TTSS effector proteins (ExoS, ExoT,
ExoU, and ExoY), ExoU has been associated with poor outcomes in both clinical and
experimental research (16-19). A recent experimental study showed that the exoU gene
was expressed and ExoU was produced early during acute pneumonia in a mouse
model. This exotoxin possesses phospholipase A, activity that causes rapid plasma
membrane disruption and necrotic cell death. Therefore, it promotes bacterial trans-
migration by killing epithelial cells (17). In a Spanish multicenter study, Pefa and
colleagues elegantly showed the exoU-positive genotype to be an independent pre-
TABLE 4 Multivariate analysis of predictor factors for 5-day and 30-day crude mortality of patients with P. aeruginosa bloodstream
infections.

5-day mortality (early mortality)e< 30-day mortality (late mortality)<
Model 1 Model 2 Model 3 Model 1 Model 2

Variable® aOR (C1 95%) P aOR (C1 95%) P aOR (C1 95%) P aOR (C1 95%) P aOR (C1 95%) P
Severe neutropenia 9.47 (3.52-25.5) <0.001 6.57 (2.62-16.5) <0.001 9.21 (3.40-24.9) <0.001 2.97 (1.38-6.35) 0.005 2.80 (1.32-5.92) 0.007
Respiratory infection 3.22 (2.02-5.14) <0.001 2.94 (1.87-4.62) <0.001 3.23 (2.01-5.16) <0.001 1.93 (1.30-2.86) 0.001 1.95 (1.31-2.90) 0.001
Nosocomial acquisition _ _ o _ _ o 1.62 (1.10-2.37) 0.012 1.56 (1.07-2.27) 0.019
Pitt score =2 249 (1.39-4.44) 0.002 2.14 (1.23-3.71) 0.007 2.42 (1.34-4.36) 0.003 1.86 (1.28-2.70) 0.001 1.81 (1.25-2.63) 0.002
exoU+/exoS— genotype 2.99 (1.06-8.42) 0.038 3.58 (1.31-9.79) 0.013 3.89 (1.65-9.19) 0.002
O11 serotype 3.64 (1.20-11.1) 0.022 3.63 (1.42-9.31) 0.007
MDR phenotype 2.39 (0.97-5.87) 0.057 2.18 (1.04-4.58) 0.04 2.17 (1.03-4.58) 0.042
Inadequate empiric antibiotic 4.57 (1.59-13.1) 0.005 417 (1.42-12.2) 0.009 __

Median TTP (hours) of blood 0.88 (0.80-0.97) 0.009  0.90 (0.82-0.98) 0.014  0.88 (0.81-0.97) 0.01
culture (IQR)4

0.91 (0.86-0.97)

0.005 0.92 (0.86-0.97) 0.008

930R, adjusted odds ratio; Cl, confidence interval.

PMDR, multidrug-resistant; TTP, time to positivity; —, variables included in the initial model of multivariate analysis, then discarded in a stepwise backward selection

process.
“Three patients were excluded from analysis due to palliative treatment, thus the total was n = 240.
dTime from the start of incubation to the alert signal in the blood culture system.
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FIG 3 Kaplan-Meier curves showing the crude impact of exoU genotype (A, B, and C) and O11 serotype (D, E, and F) on 30-day mortality in patients with P.
aeruginosa bloodstream infections according to the resistance phenotype. Statistical significance was determined by the log-rank test.

dictor of early mortality in P. aeruginosa BSI (18). Similarly, the O-antigen serotype has
been used for the classification of P. geruginosa isolates and plays an important
immunogenic and structural role (20, 21, 24-26). Among P. aeruginosa isolates, O11 is
one of the most prevalent serotypes worldwide and has been correlated with
poorer prognosis in nosocomial pneumonia (20). In an experimental model of acute
lung infection, serotype O11 was found to be associated with increased lung injury,
probably related to the presence of ExoU (21). Unluckily, in our series most O11
serotype strains also carried the exoU-positive genotype, so it was difficult to
distinguish whether this specific serotype behaved as a direct virulence factor or
was only a surrogate marker of a hazardous isolate of P. aeruginosa. Therefore,
definitive conclusions regarding the involvement of the O11 serotype in a poorer
outcome should be taken with caution.

Thus, we were particularly interested in assessing the association between O sero-
types, TTSS genotypes, and resistance phenotypes. In agreement with previous studies,
we observed that O4 and O11 isolates exhibited mostly an MDR phenotype and an
exoS-positive or exoU-positive genotype, respectively (24-26). Given this connection,
the isolation of an O4 and/or O11 serotype P. aeruginosa is meaningful for the patient’s
prognosis and for the empirical antibiotic choice. In our setting, O-antigen serotyping
could be a simple, useful procedure for the rapid presumptive identification of MDR/
XDR isolates susceptible only to colistin, amikacin, and some of them to ceftazidime-
avibactam (8, 9). On the other hand, the identification of serotypes other than O4 or
011 would significantly decrease the chances of an MDR isolate. While this association
has been shown in our hospital, the coincidence of the O4 and O11 serotypes with
ST175 and ST235 international high-risk clones could make these observations of
interest in many other locations (19, 27, 28). In fact, in a recent Spanish nationwide
study, including 1445 P. aeruginosa isolates, Del Barrio-Tofiflo and colleagues found
that O4 and O11 serotypes are linked to the MDR/XDR profile of widespread ST175 and
ST235 clones, respectively (29).
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The strength of our multivariate analysis is reinforced by its adjustment with other
relevant variables also influencing a patient’s prognosis. Severe neutropenia is a serious
condition usually concurrent with underlying hematological diseases, which easily
gives way to uncontrolled infection and death (30). The severity of the clinical presen-
tation, especially in the setting of respiratory infection, has a well-documented impact
on mortality (1, 2, 4, 5, 19). BSI nosocomially acquired was also an independent
predictor of late mortality, and probably stands as a surrogate marker of a clinical
patient’s complexity. In addition, inadequate initial empirical therapy has also been
associated with poor prognosis (2, 5, 6), likely reflecting the low number of valid options
in the setting of multidrug resistance.

The odds-ratio coefficients were also adjusted by the time to positivity of blood
cultures. Although there’s potential for this to be influenced by the volume of blood
inoculated in the bottles, or by an over-long delay in the sampling processing, the
performance of blood cultures has become a standard, easy, and automatized proce-
dure. From an overall perspective, the time to positivity stands as a surrogate marker
of the inoculum, meaning that cases with a high bacterial burden will result in positive
blood cultures sooner than infections of low inoculum. While our area under the
receiver operating characteristic (ROC) curves were not good-enough to identify a
precise time cutoff (not shown), Fig. S2 illustrates well the association of this variable
with the likelihood of death, which has also been shown in other BSI (31).

Our study has the inherent limitations of a retrospective analysis. Although the
confounding variables have been controlled for, they may be subject to the usual
biases. Also, our study reflects the experience of just a single medical center and the
results may not be applicable to other locations with a different epidemiology. In
addition, we did not consider in our analysis the doses or optimized administration
(e.g., extended-infusion) of antipseudomonal antibiotics. Despite this, our study pro-
vides some insights about the association between antimicrobial resistance and viru-
lence traits, as well as the implications of host, pathogen, and antimicrobial treatment
on patient’s outcomes.

In conclusion, MDR P. aeruginosa BSI represents a serious infection, associated with
significant crude mortality. Overall, many of our MDR cases illustrate that the coexis-
tence of specific virulence traits along with the acquisition of resistance determinants
implies a “perfect storm” infection and a poorer prognosis for the patient. In this
context, O-antigen serotyping is a tool potentially capable of rapid identification of
MDR/XDR and virulent strains, thus guiding the choices of antimicrobial therapy,
including novel B-lactam- B-lactamase inhibitor combinations, and supporting the
close monitoring of patients.

MATERIALS AND METHODS

Study design. This retrospective observational cohort study was conducted at the Hospital Univer-
sitario 12 de Octubre, a 1300-bed tertiary-care teaching hospital, in Madrid, Spain. The study included all
patients with laboratory-confirmed P. aeruginosa BSI from January 2013 to December 2017. Only the first
episode of bacteremia recorded for each individual patient was included. Nonduplicated clinical isolates
from P. aeruginosa BSI patients were collected. Patients less than 18 years of age, with polymicrobial
bacteremia, or those with incomplete medical records were excluded.

Ethical approval. This study was approved by the Research Ethics Committee of our institution
(Health Research Institute, Hospital Universitario 12 de Octubre, Madrid, Spain) (reference number
TP17/0041), which exempted the need to seek written informed consent due to the observational nature
of the study. All the data collected were anonymized.

Clinical variables and definitions. Patient data were collected via chart review and included the
following factors: (i) age; (ii) sex; (iii) comorbidities; (iv) severity of underlying diseases measured by the
Charlson comorbidity index (32); (v) presence of severe neutropenia; (vi) antimicrobial treatment received
in the previous month; (vii) prior known MDR P. aeruginosa colonization; (viii) intensive care admission
in the previous 3 months; (ix) invasive procedures performed prior to the diagnosis of BSI (i.e., need for
mechanical ventilation, use of venous catheter or urinary catheter); (x) surgery in the previous month; (xi)
acquisition type (community, health care-associated, and nosocomial); (xii) ward of admission at the time
of BSI (medical, onco-hematological, surgical, or intensive care); (xiii) source of bacteremia; (xiv) presen-
tation with septic shock (33); (xv) Pitt bacteremia score (34); and (xvi) adequate empirical therapy. The
main outcome variables were crude mortality at 5 days (early mortality) and 30 days (late mortality) after
the onset of BSI.
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Nosocomial bacteremia was defined as infection occurring more than 48 h after hospital admission.
Healthcare-associated bacteremia was defined according to criteria previously described by Friedman et
al. (35). Source of bacteremia was divided into 2 categories: (i) high-risk sources, which included the
respiratory tract, intraabdominal, skin and soft tissues and those of unknown origin; and (ii) low-risk
sources, which included urinary tract and vascular catheter (6). Septic shock was defined as sepsis
associated with evidence of organ hypoperfusion and systolic blood pressure of <90 mm Hg or the need
for vasopressors to maintain blood pressure (32). Severe neutropenia was defined as an absolute
neutrophil count of <500 neutrophils/mm?3. Adequate empirical antibiotic therapy was considered when
at least 1 antipseudomonal antibiotic with in vitro activity was administered during the first 24 h after
taking the blood sample. Crude mortality was defined as death by any cause.

Microbiological variables and molecular studies. Blood cultures were processed using the BacT/
Alert 3D blood culture system (bioMérieux, Marcy |I’Etoile, France). Time to positivity, defined as the
period between the start of incubation in the blood culture instrument and the automated growth signal,
was documented by the system software and recorded automatically for each positive blood culture.
Identification was carried out using MALDI-TOF mass spectrometry (Bruker Daltonics Inc., Bremen,
Germany). Antimicrobial susceptibility testing was performed using a semiautomated microdilution
system (MicroScan, Beckman Coulter diagnostics, Indianapolis, US), including the following antimicrobial
agents: ceftazidime, cefepime, aztreonam, piperacillin-tazobactam, imipenem, meropenem, gentamicin,
tobramycin, amikacin, ciprofloxacin, and colistin. MICs of ceftolozane-tazobactam and ceftazidime-
avibactam were also determined by Etest (bioMérieux, Marcy |'Etoile, France). Breakpoints were in
accordance with the European Committee on Antimicrobial Susceptibility Testing (EUCAST) v.8.1 (www
.eucast.org).

MDR P. aeruginosa isolates were defined as strains nonsusceptible to at least 1 agent in 3 or more
antipseudomonal antimicrobial categories. XDR isolates were defined as nonsusceptible to at least 1
agent in all but 2 or fewer antipseudomonal antimicrobial categories; thus, an XDR isolate was also
included as MDR (36). All other P. aeruginosa isolates were considered non-MDR strains, and this category
included moderately resistant (nonsusceptible to =1 agent in <3 antimicrobial categories) and
multidrug-susceptible (susceptible to all antimicrobial agents) strains (18).

The detection of carbapenemase genes (blaggs, blayc, blay,,, and bla,,,) was investigated by PCR
and sequencing. Clonal relatedness among XDR isolates was first evaluated by pulsed-field gel electro-
phoresis (37). One representative XDR isolate was further analyzed by multilocus sequence typing (38)
using an available database (https://pubmist.org/paeruginosa/). The detection of exoS, exoT, exoU, and
exoY genes was performed by PCR and sequencing as described previously (23). The O serotype was
determined by agglutination using monovalent antiserum (Bio-Rad, Marnes-la-Coquette, France) to 16
somatic O-antigens as described previously (20). Nontypeable strains did not agglutinate with any
antisera.

Statistical analysis. The results were expressed as medians and interquartile ranges (IQR) for
continuous variables or as absolute and relative frequencies for categorical variables. Continuous and
categorical parameters were compared using the Student’s t test or the Mann-Whitney U test, and the
X2 test or Fisher’s exact test, respectively. Linear trends were assessed by the Mantle-Haenszel test.
Independent risk factors of mortality were identified using a logistic regression model, including
variables with P values of =0.1 in the univariate analysis. Given the high number of potential predictors
of mortality, a backward stepwise algorithm was used to identify the best-fitting subset of variables for
use in the final multivariate regression model. The likelihood ratio criteria were used for choosing the
best model. Absence of collinearity among variables included in the initial model was verified. Kaplan-
Meier survival curves were used for survival analysis, and the log-rank test was used to compare
differences between groups. Patients who were discarded for active antimicrobial therapy due to
end-stage disease were considered not evaluable for the analysis of crude mortality. All statistical tests
were two-tailed and a P value of =0.05 was considered statistically significant. Analyses were performed
using the SPSS statistical package v.20.0 (SPSS Inc., Chicago, IL, USA) and graphics were generated with
Prism software v.5.0 (GraphPad Inc., La Jolla, CA, USA).

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.4 MB.
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