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Purpose: The current study assesses which are the main risk factors, clinical outcome and prognosis following the colonization of
CRE in patients that underwent allo-HSCT.

Patients and Methods: A total of 343 patients subjected to allo-HSCT in the period comprised between June 2021 and June 2022
were enrolled in this retrospective study. The CRE colonization was diagnosed by clinical history and routine microbial culture of
perirectal swab. In this regard, a clinical prediction model was designed based on independent risk factors underlying the pre-
transplantation CRE colonization using a backward stepwise logistic regression, followed by the evaluation of its discrimination and
calibration efficacies, along with clinical usefulness. Furthermore, univariate and multivariate Cox regression analyses were then
conducted to assess the risk factors for post-transplantation clinical outcomes.

Results: Out of 343 patients enrolled in this study, 135 (39.3%) reported CRE colonization. The independent risk factor variables for
CRE colonization were incorporated into the nomogram to build a prediction model, which showed an area under the curve of 0.767
(95% CI: 0.716-0.818), and well-fitted calibration curves (2 = 1.737, P = 0.9788). The patients with CRE colonization reported
a significantly lower platelet engraftment rate with a higher risk of post-transplantation BSI when compared with the non-CRE
colonization group (P = 0.02 and P < 0.001; respectively). The non-relapse mortality (NRM) value was higher in the CRE patients (P <
0.05), consistently with a survival probability that was thus significantly lower for the same timeframe (P < 0.05).

Conclusion: A reliable clinical prediction model for pre-transplantation CRE colonization was developed that demonstrated that the
CRE colonization negatively affects platelet engraftment and survival outcomes following allo-HSCT.
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Introduction

Hematopoietic stem cell transplantation (HSCT) represents one of the last treatments for malignant hematologic diseases;
however, patients are more predisposed to infectious complications due to the immune suppression and high-dose of
chemotherapy that may lead to bone marrow suppression and mucosal damage.' The infection complication is the third
most common cause of death in allogeneic (allo)-HSCT patients within the next 100 days post allo-HSCT,> with
bloodstream infections (BSI) caused by carbapenem-resistant Enterobacteriaceaec (CRE) responsible for more than

50% of deaths reported.” * With a long-term therapy and relevant use of carbapenem antibiotics developed in the recent
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years, the resistance rates increased, with gram-negative bacteria being the main resistant strains detected. The CRE
resistance mechanism is mainly related to the production of carbapenemase, which can hydrolyze several B-lactam
antibiotics, including carbapenem.’ Patients undergoing allo-HSCT reported longer hospital stays, prolonged neutrope-
nia, and a repeated exposure to antibiotics that significantly may increase the risk of developing BSI, pneumonia, and
death, making treatment significantly more challenging.®’ Recent studies demonstrated that common complications of
allo-HSCT, including infections and mucositis, are significantly related to changes of the composition of the gut
microbiota.®? However, limited research was conducted to assess the risk factors for CRE colonization.

To this aim, the risk factors for CRE colonization and its impact on clinical outcomes along with prognosis were
evaluated from 343 allo-HSCT patients that did not report any bacterial infection before the transplantation.

Materials and Methods
Study Subjects and Design

Patients admitted for allo-HSCT at the First Affiliated Hospital of Soochow University between June 2021 and June 2022
that did not show any symptoms of infection and that on a voluntary basis were subject to CRE screening were included
in the study. The follow-up cutoff time considered was the patient’s last hospitalization time. All individuals signed
a written informed consent before the enrollment, which was conducted in accordance with the Declaration of Helsinki
and approved by the Faculty Hospital Ethics Committee at the First Affiliated Hospital of Soochow University.

Each patient provided a perirectal swab to investigate the presence of CRE colonization within 48 hours of
hospitalization for the initial screening, and weekly thereafter up to the day of the stem cell transfusion. To collect
perirectal swabs, a swab soaked in aseptic saline was inserted approximately 4 to 5 cm into the anus. The swab tip was
then swiped to collect visible feces, after which it was placed into a sterile tube and promptly submitted for examination
within a 30-minute window. The rectal swabs were directly inoculated onto China Blue agar plates containing
carbapenem as a selective agent for CRE screening. Based on the microbial culture and carbapenem antimicrobial
susceptibility results, patients were classified into 2 groups: CRE colonized and non-CRE colonized. CRE colonized was
defined as the isolation of CRE from a rectal swab in patients not showing any clinical symptom, while the non-CRE
colonized included patients were those in which neither CRE nor any other pathogens were cultured from perirectal
swabs. For patients with multiple incidences of a CRE-positive swab, only the first one was analyzed. Perirectal swab
screening within 48 hours of admission was used as baseline screening, and patients exhibiting positive results were
excluded from the study. A few patients were also excluded if important clinical information were unavailable.

Data Collection

The following data were collected: age, sex, transplantation types, conditioning regimens, stem cell source, preliminary
diagnosis, disease status, antithymocyte globulin (ATG) usage, human leukocyte antigen (HLA) antibody positivity,
blood type of donor and recipient, rituximab application, plasma exchange, history of BSI, doses of mononuclear cells
(MNCs) and CD34+ cells, diagnosis of pulmonary, gastrointestinal, and perianal infections, carbapenem antibiotic
application within 30 days before allo-HSCT. The date in which allo-HSCT was performed was recorded to accurately
calculate the time up to the post-transplantation infections and related complications like BSI, cytomegalovirus (CMV) or
Epstein—Barr virus (EBV) reactivation, graft-versus-host disease (GVHD), and thrombotic microangiopathy (TMA).

Definition of Observation Index

The presence of CRE was determined by measuring the minimum inhibitory concentration (MIC) using Vitek 2 compact
60 (AST-GN67 &AST-XNO04, bioMérieux, France), and resistance to carbapenems was defined as follows: meropenem
and/or imipenem MIC > 4 pg/mL (CLSI M100 32nd). The disc diffusion method was used to test each CRE strain for
meropenem and imipenem. The neutrophil engraftment was defined when the absolute value of peripheral blood
neutrophils was >0.5x10°/L for three consecutive days without growth factors, while platelet engraftment was defined
when platelet count was >20x10°/L for seven consecutive days without blood transfusion. CMV or EBV reactivation was
observed when a CMV DNA viral load >100 copies/mL or an EBV DNA viral load >100 copies/mL were detected at any
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time after allo-HSCT. Post-transplantation BSI was diagnosed when at least one pathogenic bacterium was isolated by
blood culture, and it was monitored since the day it received conditioning. Relapse was defined when blast cells were
>5% in the bone marrow or when blast cells reappeared in the peripheral blood or in any site outside the bone marrow,
including extramedullary relapse. Progression-free survival (PFS) was defined as the time from transplantation to the first
disease progression or death from any cause. Non-relapse mortality (NRM) refers to death after transplantation without
disease relapse or progression, while the overall survival (OS) was the interval between allo-HSCT and death or the
last day of follow-up.

Statistical Analysis

Descriptive statistics were used to characterize the categorical and numerical variables. The first ones were presented as
counts and percentages and analyzed by Pearson’s chi-square test or Fisher’s exact test, while the continuous variables
were summarized as median and interquartile range (IQR) and they were analyzed by Mann—Whitney U-test. A logistic
regression model was used for CRE colonization prediction model (CREP-model) before allo-HSCT. A backward
stepwise logistic regression analysis was conducted using significant variables for CRE colonization on univariate
analysis to assess the factors discriminating the CRE-colonized patients before allo-HSCT. Receiver operating char-
acteristic (ROC) curve analysis was used to calculate the optimal cutoff values determined by maximizing the Youden
index (sensitivity+specificity-1). The predictive performance of the model was measured by the area under curve (AUC)
and calibration using 1000 bootstrap samples to decrease the overfit bias. Decision curve analysis (DCA) was used to
calculate the net benefit, while the clinical impact curve (CIC) demonstrated the clinical effectiveness of the model.
Survival estimates were calculated using the Kaplan—-Meier method, and curves were compared using the Log rank test.
The clinical outcomes, including engraftment, post-transplantation BSI, infection (CMV/EBV), GVHD, TMA, relapse
and NRM were analyzed with the cumulative incidence function and Cox proportional hazards regression models. All
analyses were performed using R software version 4.1.1. All statistical tests were two-sided, and P < 0.05 was considered
statistically significant.

Results

Baseline Characteristics and Colonization Status

A total of 343 patients with no symptoms of infection before the transplantation were screened for CRE colonization
(Figure 1). Overall, 135 out of 343 perirectal swabs were CRE positive, with a colonization rate of 39.3%. The
colonizing microbiota was composed of all gram-negative bacteria, such as Klebsiella pneumoniae (41%), Escherichia
coli (26%), and Enterobacter cloacae (17%). The baseline and clinical characteristics of the two groups are reported in
Table 1. Patients with CRE colonization reported statistically more gastrointestinal, pulmonary and perianal infections,
along with carbapenem antibiotic application within the 30 days before transplantation. Further, the CRE-colonized
patient rate was statistically associated with male gender, infusion with a greater number of MNCs and with a not
complete remission (CR).

CRE Colonization Prediction Model Development and Evaluation

All variables significantly associated with CRE colonization were analyzed with a backward stepwise multivariate
logistic regression. Our data showed that gender (odds ratio [OR] = 2.94; 95% CI: 1.76-4.9; P < 0.001), pulmonary
infection within 30 days before transplantation (OR = 2.38; 95% CI: 1.42-3.90; P = 0.001), gastrointestinal infection
within 30 days before transplantation (OR = 1.82; 95% CI 1.08-3.05; P = 0.024), perianal infection within 30 days
before transplantation (OR = 2.58; 95% CI; 1.11-5.99; P = 0.027), and carbapenem antibiotic application within 30 days
before transplantation (OR = 3.72; 95% CI; 2.22-6.23; P < 0.001) resulted to be independent risk factors for CRE
colonization as shown in Supplementary Table 1. To establish a clinical prediction model, these five independently

associated risk factors were used to conduct a CRE colonization risk estimation nomogram (Figure 2A), and the final
model was validated using the bootstrap method based on 1000 repetitions. The nomogram demonstrated a good
accuracy in the estimation of the risk of CRE colonization, with an AUC of 0.767 (95% CI: 0.716-0.818)

Infection and Drug Resistance 2023:16 hetps: 6823

Dove:


https://www.dovepress.com/get_supplementary_file.php?f=424048.docx
https://www.dovepress.com
https://www.dovepress.com

Wu et al

Dove

perirectal swab screening for CRE colonization

(N=343)
positive-pathogen pathogen-free
colonization colonization
CRE-positive non-CRE
colonization pathogen colonization

CRE colonization group
(n=135)

non-CRE colonization group
(n=208)

Figure | The procedure of perirectal swab screening in allogeneic hematopoietic stem cell transplanted patients from June 2021 to June 2022.

(Figure 2B). In addition, calibration plots graphically reported a good agreement between the risk estimated by the
nomogram and actual perirectal swab results (Hosmer-Lemeshow goodness-of-fit test: y2 = 1.737, P = 0.9788)
(Figure 2C). Since threshold probability ranges from 0.1 to 0.9, DCA curve showed that the nomogram led to
a greater net benefit than either the treat-all-patients scheme or the treat-none scheme (Figure 2D). Based on the CIC
curve results, the number of subjects at a higher risk of CRE colonization based on the nomogram highly matched the

number of true-positive cases when the threshold probability was above 75% (Figure 2E).

Table | Baseline Characteristics

Characteristic CRE Non-CRE P value
Colonization Colonization
(N = 135) (N =208)
Gender, n (%) <0.001
Male 91 (67.4) 96 (46.2)
Female 44 (32.6) 112 (53.8)
Age, Median (IQR) 39 (27.5,50) 39 (28.5,48) 0.723
Primary disease, n (%) 0.337
AML 63 (46.7) 105 (50.5)
ALL 30 (22.2) 60 (28.8)
MDS 16 (11.8) 22 (10.6)
Lymphoma 9 (6.7) 7 (34)
AA 9 (6.7) 7 (34
CML 5(3.7) 4 (1.9)
MAL 3(22) 3 (1.4
Remission status, n (%) 0.014
CR 114 (84.4) 193 (92.8)
Non-CR 21 (15.6) 15 (7.2)
Presence of anti-HLA Abs, n (%)
Yes 43 (31.9) 165 (79.3) 0.121
(Continued)
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Table | (Continued).

Characteristic CRE Non-CRE P value
Colonization Colonization
(N =135) (N =208)

Apply of rituximab, n (%) 0.720
Yes 29 (21.5) 17 (8.2)

Plasma exchange, n (%) 0.951
Yes 14 (10.4) 22 (10.6)

Use of ATG, n (%) 0.050
Yes 116 (85.9) 161 (77.4)

History of previous BSls, n (%) 0.206
Yes 22 (l6.3) 24 (11.5)

Carbapenem application within 30 days prior to allo-HSCT, <0.001

n (%)

Yes 98 (72.6) 88 (42.3)
Gastrointestinal infection within 30 days prior to allo- 0.002
HSCT, n (%)

Yes 96 (71.1) 114 (54.8)
Pulmonary infection within 30 days prior to allo-HSCT, <0.001
n (%)

Yes 75 (55.6) 68 (32.7)

Perianal infection within 30 days prior to allo-HSCT, n (%) 0.001
Yes 22 (l6.3) 11 (5.3)

Conditioning, n (%) 0.531
Myeloablative 127 (94.1) 192 (92.3)
Non-myeloablative 8 (5.9) 16 (7.7)

Donor type, n (%) 0.475
Halpo 90 (66.7) I51 (72.6)

Sibling 22 (l6.3) 26 (12.5)
URD 23 (17) 31 (14.9)

Stem cell source, n (%) 0.375
BM 3(22) 2 (1.0
BM+PB 17 (12.6) 20 (9.6)

PB 115 (85.2) 186 (89.4)

Female doner, n (%) 0.219
Yes 27 (20) 31 (14.9)

ABO matched, n (%) 0.309
Match 71 (52.6) 121 (58.2)

Mismatch 64 (47.4) 87 (41.8)
MNC(x10%/kg), Median (IQR) 10.2 (7.09,13.73) 8.71(6.93,11.75) 0.037
CD34" cells(x10%/kg), Median (IQR) 4.21 (2.97,5.69) 4.18(2.90,5.97) 0.825

Abbreviations: CRE indicates Carbapenem-resistant Enterobacteriaceae; IQR, interquartile range; AML, acute myelogenous leukemia; ALL, acute
lymphoblastic leukemia; MDS, myelodysplastic syndrome; AA, aplastic anemia; CML, chronic lymphoblastic leukemia; MAL, mixed acute leukemia; CR,
completely remission; HLA, human leukocyte antigen; Abs, antibodies; ATG, Antithymocyte globulin; BSls, bloodstream infections; allo-HSCT,
allogeneic hematopoietic stem cell transplantation; URD, unrelated donor; BM, bone marrow; PB, peripheral blood; MNC: Mononuclear cells.

Impact of CRE Colonization on the Engraftment and Clinical Events

No significant differences were found in the engraftment of neutrophils between the two groups (HR = 0.87; 95% CI: 0.70-1.08;
P = 0.12) (Figure 3A), while multivariate cox regression analysis showed that CRE colonization negatively affected the
engraftment of platelets in Supplementary Table 2 (HR = 0.66; 95% CI: 0.52-0.83; P < 0.001) (Figure 3B). However, CRE
colonization did not affect the incidence of EBV or CMV reactivation (HR = 1.62; 95% CI: 0.73-3.63; P=0.23 and HR = 1.11;
95% CI: 0.79-1.55; P = 0.55; respectively) (Figure 3C and D), acute GVHD (aGVHD), chronic GVHD (¢cGVHD) and TMA
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Figure 2 The plots of pre-allo-HSCT CRE colonization predictive model. (A) The nomogram used to predict the risk of CRE colonization in patients receiving allo-HSCT. (B) The
area under the receiver operating characteristic curve (AUC) was calculated to assess the diagnostic performance of the proposed model. (C) Calibration plot describes how well
a predicted risk aligns with observed risk. The dashed line stands for perfect prediction. The dotted line represents apparent estimates of predicted vs observed values; meanwhile
the solid line shows the corrected estimates via employing 1000 bootstrap samples. (D) Decision curve analysis (DCA) of model-directed empirical anti-CRE therapy. The red curve
represents the proposed prediction model. The grey line indicates the assumption that all patients received empirical anti CRE therapy. The horizontal black line indicates the
assumption that no one received empirical anti-CRE therapy. (E) Clinical impact curve (CIC) demonstrated the clinical effectiveness of the nomogram. The red curve (the number of
individuals at high risk) indicates the number of persons who are classified as positive (high risk) by the prediction model at each threshold probability; the blue curve (the number of
individuals at high risk with outcomes) is the number of true positives at each threshold probability.

(HR =1.06; 95% CI: 0.72-1.56; P=0.74; HR = 0.84; 95% CI: 0.51-1.37;, P=0.48 and HR = 1.09; 95% CI: 0.18-6.51; P=10.93;
respectively) (Figure 3E-G).

CRE Colonization and Post-Transplantation BSI
Out of the 343 patients of this study, 48 (14%) patients developed post-transplantation BSI, with 39 of which (11.4%)
induced by CRE colonization. The culture results for blood and perirectal swab were consistent, with a BSI rate which

6826 "+ Infection and Drug Resistance 2023:16

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove

A NE C EBV E
1.004 1.00
§ 5 5
g ors p=0.12 g ors g
2 050 £ o0s0 2
= = =
- = = >
£ 025 g 025 p=023 Z
> = >
~ 000 Y 0.00] = e
0 20 40 60 0 100 200 300 400 500
Days Days
Number at risk Number at risk
D08 3 0 0 P08 191 91 44 26 4
135 5 1 1 135 109 46 24 10 O
0 20 40 60 0 100 200 300 400 500
Days Days
B PLT D MV F
1.004 1.00:

g o5 g 075 g
g g =055 3
=0.00023 p=0.
£ 050 P £ o0s0 £
= = =
= = =
£ 025 £ 025 £
S 3 S

0.004 0.00:
0 100 200 300 0 100 200 300 400 500
Days Days
Number at risk Number at risk
208 6 5 1 P08 125 47 23 15 3
135 10 5 0 135 69 29 16 6 0
0 100 200 300 0 100 200 300 400 500
Days Days
Anal Swab

= non-colonization

aGVHD G
1.004 1.00
g
0.75. g o075
v
0.501 p=0.74 2 050
S
025 F 2 025
3
0.001 ~ 000
0 25 50 75 100
Days
Number at risk
P08 176 136 131 129
135 122 98 92 86
0 25 50 75 100
Days
cGVHD H
1.004 1.00
075 % 075
p=048 b
0.504 2 050
s
025 2 025
3
0.00 0.00
O 100 200 300 400 500
Days
Number at risk
bog 202 79 35 19 3
135 119 48 22 8 1

0 100 200 300 400 500

Days

- colonization

Wu et al
T™MA
p=093
0 100 200 300 400 500
Days
Number at risk
08 200 93 46 26 4
135 118 53 25 10 0
0 100 200 300 400 500
Days
BSI
p < 0.0001
r‘
0 200 400 600
Days
Number at risk
08 92 26 0
135 47 8 0
0 200 400 600
Days

Figure 3 Post-transplantation complications of CRE colonization group and Non-CRE colonization. (A) Time of neutrophil engraftment was not significantly longer in
patients with CRE colonization group (P=0.12). (B) Time of platelet engraftment was significantly longer in patients with CRE colonization group (P<0.001). (C) The
cumulative incidences of EBV reactivation was not significantly higher in patients with CRE colonization group (P=0.23). (D) The cumulative incidences of CMV reactivation
was not significantly higher in patients with CRE colonization group (P=0.55). (E) The cumulative incidences of aGVHD was not significantly higher in patients with CRE
colonization group (P=0.74). (F) The cumulative incidences of cGVHD was not significantly higher in patients with CRE colonization group (P=0.48). (G) The cumulative
incidences of TMA was not significantly higher in patients with CRE colonization group (P=0.93). (H) The cumulative incidences of post-allo-HSCT BSI was significantly
higher in patients with CRE colonization group (P<0.001).

was 4.3 times (39/9) higher when compared with not-CRE colonized group (P < 0.001) (Figure 3H). The multivariate
cox analysis results showed that CRE colonization (HR = 5.71; 95% CI: 2.66—12.30; P < 0.001) was an independent risk
factor for post-transplantation BSI as shown in Table 2.

Table 2 Univariate and Multivariate Analysis for Risk Factors Associated with Post-Transplantation BSI

Univariate Analysis Multivariate Analysis
HR 95% CI P value HR 95% CI P value

CRE colonization 0.68 0.54-0.85 0.001 0.70 1.14-1.138 0.002
Gender 1.55 0.85-2.80 0.151

Age 0.99 0.97-1.02 0.675

Anti-HLA Abs 0.90 0.42-1.92 0.780

Apply of rituximab 1.07 0.48-2.38 0.874

Plasma exchange 1.23 0.52-2.89 0.641

Use of ATG 0.83 0.41-1.68 0.610

Non-CR before transplantation 0.47 0.31-0.70 <0.001 0.48 0.32-0.72 <0.001
ABO match 1.03 0.58-1.84 0.917

HLA partially mismatched 1.47 0.45-2.89 0.262

History of previous BSI 2.20 1.12-4.34 0.022 1.02 0.73-1.43 0.896

Abbreviations: HR, hazard ratio; Cl, confidence interval; CRE indicates Carbapenem-resistant Enterobacteriaceae; HLA, human
leukocyte antigen; Abs, antibodies; ATG, Antithymocyte globulin; CR, completely remission; BSI, bloodstream infection.
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Impact of CRE Colonization on the Prognosis of Patients

We further investigated the early and long-term prognosis of transplant recipients: patients with pre-transplantation CRE
colonization showed higher NRM values (P < 0.001) and lower OS rates (P = 0.0034) within 100 days after
transplantation than patients without pre-transplantation CRE colonization (Figure 4A and B). After a median follow-
up of 163 days, 25 (18.5%) out of 135 patients with pre-transplantation CRE colonization died, mainly for secondary
infections (18/25). Among patients without pre-transplantation CRE colonization, after a median follow-up of 188 days,
18 (8.7%) out of 208 patients died, mainly for disease relapse (10/18). By the end of the follow-up period, the cumulative
incidences of NRM (P = 0.0021) and relapse (P = 0.014) were significantly higher in the CRE colonization group than in
the non-CRE colonization group (Figure 4C and D). In addition, patients with CRE colonization had lower PFS rates
(P <0.001) and lower OS rates (P = 0.005) (Figure 4E and F). Cox regression analysis showed that pre-transplantation
CRE colonization led to an increasing in NRM at 100 days after transplantation and in the long term as shown in
Supplementary Table 3 and Supplementary Table 4 (HR = 5.50; 95% CI: 1.53-19.73; P =0.009 and HR = 2.68; 95% CI:
1.13-9.9; P = 0.029; respectively). A significant difference in recurrence rates between the two groups was observed,

mainly due to differences in the baseline levels of pre-transplantation remission status (HR = 8.30; 95% CI, 3.80-18.12;
P < 0.001), which were not associated with CRE colonization as shown in Supplementary Table 5 (HR = 1.94; 95% CI,
0.91-4.45; P = 0.086). CRE colonization resulted in a shorter 100-day survival, PFS rate and total survival time after
transplantation in Supplementary Table 68 (HR = 3.28; 95% CI: 1.14-11.59; P = 0.007; HR = 1.89; 95% CI: 1.02-3.49;
P =0.044 and HR = 2.31; 95% CI: 1.37-3.90; P = 0.002; respectively).

Discussion

The human gut represents an ecosystem colonized by many commensal bacteria, with about 1000-1150 species of
approximately 100 trillion of bacteria, a number far greater than human cells.'” A healthy gut microbiota is able to
prevent invasion of pathogen bacteria, a phenomenon known as colonization resistance,'' which can be, however,
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Figure 4 Outcome of patients in CRE colonization group and Non-CRE colonization group. (A) NRM within 100 days post-allo-HSCT was significantly higher in patients
with CRE colonization group (P<0.001). (B)) OS within 100 days post-allo-HSCT was significantly lower in patients with CRE colonization group (P=0.0034). (C)) NRM was
significantly higher in patients with CRE colonization group (P=0.0021). (D) Relapse was significantly higher in patients with CRE colonization group (P=0.014).(E)
Progression-free survival was significantly lower in patients with CRE colonization group P<0.001). (F) OS was significantly lower in patients with CRE colonization
group (P=0.003).
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gradually lost with a long-term treatment of carbapenem antibiotics in clinical settings.'*'* In this regard, the harsh pre-
transplantation preparative regimens can cause dysbiosis of the gut microbiome, with consequent outgrowth of less
favorable or pathogenic gut bacteria, such as different species of Enterobacteriaceae.'* In recent years, the detection rate
of CRE is increasing, representing a growing global public health problem.'>"'” Indeed, infections caused by CRE during
the transplantation period represent an important cause of high mortality rates observed following the treatment.

Previous studies developed several clinical predictive models about the risk of CRE infections. In this regard, Ju Yeon
Song established a clinical prediction model for the risk of CRE colonization in patients admitted to the intensive care
unit,'® while Jia Liu developed a predictive risk model for the risk of BSI in hematological patients with CRE isolated
from perianal swabs in order to promptly adopt preventive strategies.'” However, few predictive models about the risk of
CRE colonization in allo-HSCT recipients have been developed so far. In our study, we demonstrated that pulmonary
infection, gastrointestinal infection, perianal infection, and exposure to carbapenem antibiotics within 30 days before
allo-HSCT were all independent risk factors for CRE colonization. Furthermore, chemotherapy was associated with
a prolonged neutropenia and with many complications such as several infections,”® like the pulmonary, gastrointestinal
and perianal.>' Consistent with the model introduced by Sonis, both inflammation and apoptosis of the mucosal barrier
may cause the loss of its integrity, thereby promoting bacterial translocation, which is a predisposing factor for CRE
colonization.? In the case of co-infections, carbapenem antibiotics are used empirically for long periods of time, leading
to a detrimental effect on the intestinal microbiota. A study on the intestinal tract bacterial diversity concluded that
treatment based on intravenous vancomycin, metronidazole, or B-lactams as well as treatment based on aggressive
conditioning regimens for HSCT resulted in a lower diversity in the gut microbiome, leading to colonization by
unfavorable species.”> Weijie Cao also found that pulmonary disease, perianal infection and carbapenem application in
the previous 3 months were independent risk factors for rectal CRE colonization.” In addition, our study showed that also
male gender represents another independent risk factor for CRE colonization. This may be related to the hormone levels,
as already demonstrated in an animal study on the influence of intestinal flora on the properties of bile acid.***
However, another study aimed to investigate the effects of gender and body mass index on the composition of the
intestinal flora and revealed that although there were no significant differences in the diversity and overall composition of
intestinal flora based on gender, the relative abundance of specific taxa was different between males and females.?
Therefore, novel strategies to assess the risk of colonization by pathogenic bacteria prior to allo-HSCT still need to be
implemented.

The rectal colonization of CRE predisposes to bacterial translocation leading to the following endogenous CRE infections.
Jessica found that the overall risk for CRE colonization progressing to CRE infections was 16.5%.>” High-dose chemotherapy
or intestinal GVHD may cause damage to the intestinal mucosal barrier and subsequent translocation of bacteria to the
peripheral blood, leading to BSI.?® BSI is a fatal complication occurring in the early stage of allo-HSCT that can lead to
a mortality of 40-60%.%°>? In this study, we found that 28.9% (39/135) of patients with pre-transplantation CRE colonization
developed a post-transplantation BSI, at a rate significantly higher than non-colonized patients, according to a retrospective,
single-center study conducted in Poland.?> Furthermore, platelet reconstitution also required more time in patients with pre-
transplantation CRE colonization, while no significant effect was observed on granulocyte reconstitution. Consistent with
previous research, we found that bacterial colonization can affect the platelet engraftment.>® Additionally, our findings
demonstrated that pre-transplantation CRE colonization was associated with an increased NRM, decreased PFS and decreased
0OS, indicating the aggressivity of CRE colonization and the need for a powerful antibiotic therapeutic strategy. Jaroslaw
Bilinski found that gut colonization by resistant bacteria impairs OS after allo-HSCT and that the decrease in OS is caused by
an increased NRM, which was due to a higher incidence of hard-to-treat infection.?® It was also reported that the colonization
of multidrug-resistant bacteria (MDRB), including CRE and Vancomycin-Resistant Enterococci (VRE), is associated with
lower OS rates in patients receiving transplantation, mainly due to a higher NRM, with infections as the main cause of
death.''**3> Also, our multivariable analysis demonstrated that pre-transplantation CRE colonization was an independent risk
factor for NRM or OS within 100 days and in the long term after allo-HSCT. Therefore, patients at high risk should be actively
monitored, isolated, and treated to reduce the CRE colonization, the incidence of bloodstream infections and deaths.

This study explored the risk factors within patients with pre-transplantation CRE colonization and established a clinical
prediction model to guide clinical decisions. However, being the present study a single-center retrospective study, it could be
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likely that the colonization of the intestinal flora may be geographically influenced, and therefore external and further
validation of our findings is needed. In addition, neither fingerprinting nor genotyping analysis of the colonization and
infection strains was carried out in our laboratory. We hope that, in the future, further research would be done to compare the
colonized and infected CRE by the molecular analysis. Meanwhile, the comprehensive eradication of the carrier state in CRE-
positive patients has yet to be widely established. This area undoubtedly holds promise for our future research endeavors.

Conclusions

CRE colonization is an emerging and public health problem, and the pre-transplantation CRE colonization can negatively
affect the post-transplantation prognosis. The surveillance on CRE colonization can have an impact on the control and
prevention of the spread of CRE. The clinical prediction models developed in this study to predict the CRE colonization
before allo-HSCT can justify the early intervention in patients at high risk to improve the survival rates. Altogether, our
data indicated that an increased awareness of the risks associated with pre-transplantation bacterial colonization is
urgently warranted. Indeed, due to a high rate of mortality associated with CRE infections, further research and
eradication attempts of CRE infections should be objects of future studies.
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