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Abstract

Chimeric antigen receptor T-cell (CAR-T) therapy is effective in the treatment of relapsed/refractory acute B-lymphoblastic
leukemia (R/R B-ALL); however, patients who receive CAR-T therapy are predisposed to infections, with considerable
detrimental effects on long-term survival rates and the quality of life of patients. This study retrospectively analyzed infec-
tious complications in 79 pediatric patients with R/R B-ALL treated with CAR-T cells at our institution. Overall, 53 patients
developed 88 infections. Nine patients experienced nine infections during lymphodepletion chemotherapy, 35 experienced
41 infections during the early phase (days 0— 30 after infusion), and 29 experienced 38 infections during the late phase
(day + 31—+ 90 after infusion). Pathogens were identified in 31 infections, including 23 bacteria, seven viruses, and one
fungus. Four patients were admitted to the intensive care unit for infection and one died. In a univariate analysis, there were
ten factors associated with infection, including tumor load, lymphodepleting chemotherapy, neutrophil deficiency and lym-
phocyte reduction, cytokine release syndrome (CRS) and immune effector cell-associated neurotoxicity syndrome (ICANS),
etc. In a multivariate analysis, CRS > grade 3 was identified as a risk factor for infection (hazard ratio=2.41, 95% confidence
interval: 1.08-5.36, P=0.031). Therefore, actively reducing the CRS grade may decrease the risk of infection and improve
the long-term quality of life of these patients.
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Introduction

Adoptive immunotherapy with chimeric antigen receptor
T-cells (CAR-Ts) targeting tumor-specific antigens is a novel
treatment for relapsed/refractory acute B-lymphoblastic
leukemia (R/R B-ALL). High clinical remission rates have
been reported, highlighting its broad application prospects
and offering new hope to patients with R/R hematological
tumors. However, CAR-T therapy is also associated with
life-threatening adverse events, including cytokine release
syndrome (CRS), immune effector cell-associated neuro-
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toxicity syndrome (ICANS), hemocytopenia, and infec-
tion [1-3]. With the wide application of CAR-Ts in clin-
ics, the management of infections plays a significant role
in improving the long-term survival rates and quality of
life of patients. According to research in adult patients, the
incidence of infectious complications is 20-60%, and many
factors directly or indirectly increase the risk [4-6]. At pre-
sent, few reports exist on CAR-T treatment-related infections
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in children. Therefore, addressing the gaps in the current
understanding of CAR-T therapy-related complications in
the pediatric population is an urgent need. In this study, we
describe the infectious complications associated with CAR-T
therapy in a cohort of pediatric patients and evaluate the
potential risk factors for infection.

Methods
Patients

This retrospective study was conducted at Children’s Hos-
pital affiliated to Soochow University (Suzhou, China).
Seventy-nine children with R/R B-ALL who underwent
targeted CD194+CD22+ CAR-T therapy for the first time
between September 2018 and January 2022 were included.
The patients all achieved remission after receiving treatment,
and there was no recurrence within 3 months. Informed con-
sent was obtained from all patients for being included in
the study. The study was approved by the Ethics Committee
of the Children’s Hospital affiliated to Soochow University
and was performed in accordance with the principles of the
Declaration of Helsinki.

Data collection

The clinical data of the patients were collected in three
periods (lymphodepletion [LD] chemotherapy and early
and late phases), including: (1) general information: sex,
age, and history of hematopoietic stem cell transplanta-
tion; (2) baseline data before infusion: LD chemother-
apy, bone marrow blasts, bone marrow minimal residual
disease (MRD), dose of CAR-Ts, and absolute count of
neutrophils and lymphocytes in peripheral blood; (3)
post-infusion data: peak value of the regulatory T-cell
(Treg) proportion (within 1 week after infusion), duration

of neutrophil deficiency and lymphopenia in peripheral
blood, CRS grade, ICANS grade, use of interleukin (IL)-6
receptor antagonists and glucocorticoids, and admission
to the intensive care unit (ICU); and (4) infection-related
data: time, symptoms, prognosis, etiology, and medical
imaging of the infection and part of the body infected.

Manufacture of CAR-Ts and LD chemotherapy

CAR-Ts were prepared by the Department of Hema-
tology at the Shanghai Children’s Medical Center
(ChiCTR2000032211). The antibody sequence was
murine, and the costimulatory molecule was 4-1BB
(CD137). The CAR-Ts were cultured for 7 days. The day
of CAR-T infusion was defined as dO, and the children
underwent LD chemotherapy with cyclophosphamide and
fludarabine from d —4 to —2. The LD chemotherapy regi-
men was divided into two groups. In Group A, the total
dose of cyclophosphamide was > 1 g/m?, and the total dose
of fludarabine was > 0.12 g/m>. In Group B, the total dose
of cyclophosphamide was <1 g/m?, and the total dose
of fludarabine was <0.12 g/m?. Baseline data of the two
groups had no statistical difference (all P >0.05), and there
was comparability between them, Table 1.

Definitions
Evaluation standards for adverse reactions

CRS grading refers to Lee’s grading standard [7], and
ICANS classification refers to the American Society for
Blood and Marrow Transplantation (ASBMT) Consensus
Grading classification standard [8].

Table 1 The comparison of

baseline data before lymphocyte Variables Group A (n=68) Group B (n=11) ty*Z P value
clearance treatment between the A e [year, M(P25-P75)] 8.5(5.25-11.0) 8.0(4.0-12.0) 0.519 0.604
two groups Sex 2.003 0.157

Male (%) 48(70.5) 10(90.9)

Female (%) 20(29.5) 1(9.1)

Prior autologous and/or allo- 0.587*

geneic HCT
Yes (%) 6(8.8) 0(0)
No (%) 62(91.2) 11(100)

The patients among two groups were diagnosed as R/R B-ALL, all of them only bone marrow relapsed and
received CD19+CD22+ CAR-T therapy

HCT Hematopoietic stem cell transplantation

*Fisher exact test
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Definition of infection

A diagnosis of infection after CAR-T infusion was made
according to the clinical symptoms, molecular biology,
microbiology, and medical imaging. The onset day of infec-
tion was defined as the day on which the diagnostic test was
performed. One or more infections may occur in the same
patient. Infection in different nonadjacent parts of the body
at the same time was considered as an independent event (the
lungs, respiratory tract, and paranasal sinuses were consid-
ered adjacent) [9], but if the pathogen of the infection was
same, it was counted as one infection event. Infection by
different pathogens in the same part of the body at the same
time was considered as one mixed infection event. Reinfec-
tion was defined as the first infection aggravated or reoccur-
ring in the same part of the body during or after treatment.
Infections were categorized based on pathogen and site of
infection.

Based on pathogen
Bacterial infection

It was divided into bloodstream infections (BSI) and infec-
tions in other sites.

(1) BSI (including catheter-related) Cultured one or more
bacterial from one or more blood samples; if the bacte-
rial isolate is a common bacterium of the skin (such as
diphtheria-like bacilli, non-pathogenic mycobacteria,
or coagulase-negative staphylococci), and the patient
has clinical symptoms, bacteremia is also regarded as
an infection.

(2) Infections in other sites Patients with compatible symp-
toms and positive cultures were included.

Viral infection
It was divided into respiratory viruses and other viruses.
(1) Respiratory virus infection The patients had obvious

respiratory symptoms or iconography abnormality and
sputum pathogen test (such as nasopharyngeal swab,

Table 2 Infections were categorized based on site of infection

or alveolar lavage fluid PCR test or blood pathogen
antibody, etc.) was positive.

(2) Other virus infection The patients had related clini-
cal symptoms, and their blood PCR test (hepatitis B
virus, herpes virus, cytomegalovirus, or EB virus) was
positive. All patients were screened for virus including
AIDS, hepatitis B and C, CMV, EBV and VBI19, etc.,
before the CAR-T therapy, and no infection was found.

Fungal infection

Fungal infections were recorded according to the 2008
revised criteria [10].

Based on site of infection (Table 2)

Infection density

The average number of infections per 100 patient days cal-
culated as the number of infections in different periods (first
30 days and the later 60 days) after transfusion/total number
of people days x 100.

Hypogammaglobulinemia

It was defined as IgG level <400 mg/dL. All patients
received intravenous immunoglobulin (IVIG) replacement
every month within 6 months after the therapy (500 mg/kg).

Treatment of fever and infection

Blood samples were obtained for routine blood tests,
C-reactive protein levels, and blood cultures in all patients
with fever. Broad-spectrum antibiotics were started empir-
ically, and the antibiotics were adjusted according to the
pathogen identification results. Patients with fever after
CAR-T infusion and clinical consideration of CRS should
be re-evaluated 48 h after fever onset. Antibiotic use
should be discontinued in patients with no sign of active
infection and negative results on pathogen testing. Anti-
fungal drugs were administered within 90 days of CAR-T

Site Definit on

Respiratory tract infection

Symptoms (e.g., fever, cough, or expectoration) and imageology (e.g., chest radiography or chest computed tomog-

raphy) and/or laboratory tests (sputum culture, alveolar lavage fluid, or viral nucleic acid)

Urinary system infection
culture or viral nucleic acid)

Digestive tract infection
viral nucleic acids)

Symptoms (e.g., frequent micturition, urgency, dysuria, or hematuria) and laboratory tests (bacteriuria or urine

Symptoms (e.g., diarrhea, abdominal pain, nausea, or vomiting) and laboratory tests (stool routine, stool culture, or
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therapy to children with previous or current fungal infec-
tions. None of the patients received preventive antiviral
treatments.

Statistical analysis

Statistical analysis was performed using SPSS version
24.0 (IBM SPSS Statistics for Windows, Armonk, NY)
software. Survival analysis was used to evaluate the clini-
cal factors associated with infections. Independent vari-
ables included age, sex, history of hematopoietic stem cell
transplantation, LD chemotherapy, CAR-T dose, and CRS
grade. The Cox proportional hazard model was used to
evaluate the independent risk factors of infection: First, the
independent variables were screened by univariate analy-
sis, and variables with P < 0.1 in univariate analysis were
included in the multivariate model. The Kaplan—Meier
curve was used to analyze the correlation between the CRS
grade and infection.

Results
Clinical characteristics of patients

A total of 79 children were diagnosed as R/R B-ALL and
treated with CAR-Ts. The clinical features of the patient
cohort, including 58 boys (73%) and 21 girls (27%) with
a median age of 8 (5-11) years, are shown in Table 3.
Before CAR-Ts therapy, the median number of bone mar-
row blasts was 6% (range, 3-49%), and the median bone
marrow MRD was 9.34 x 107 leukemia cells (range,
1.0x 107*-2.47x 107" leukemia cells). A total of 55.7%
of the patients (n=44) were neutropenic (absolute neu-
trophil count [ANC] < 0.5 x 10°/L), and 55.7% (n=44)
presented with lymphopenia (absolute lymphocyte count
[ALC]<0.3x 10%/L). Six (7.6%) children had a history of
allogeneic hematopoietic stem cell transplantation. All the
patients underwent treatment with fludarabine- and cyclo-
phosphamide-based chemotherapy regimens (Group A,
n=11; Group B, n=68). The median infusion of CAR-Ts
was 6.8 x 10°/kg (range, 5-9.6/kg). In the early phase after
CAR-T infusion, the median duration of ANC <0.5x 10°/L
and ALC <0.3 x 10°/LL was 13 days (range, 6-31 days) and
6 days (range, 2—-11 days), respectively. Thirty-three (41.8%)
patients presented with severe CRS (grade > 3) after CAR-T
infusion, while severe ICANS (grade >3) occurred in 9
(11.4%) patients. Fifty-one children (64.6%) were treated
with IL-6 receptor antagonists, 33 (41.7%) with glucocorti-
coids, and 29 (36.7%) with steroids and tocilizumab to treat
severe CRS and ICANS.
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Table 3 Clinical characteristics of the patients
Total N=179
Age, years (M [P25-P75]) 8(5-11)
Sex, male n (%) 58(73.4)
CAR-T dose 6.8(5-9.6)
Bone marrow blasts 6(3-49)
Minimal residual disease 9.34%1073

(I1x1074-247x107h

Prior autologous and/or allogeneic HCT 6(7.6%)
Pre-infusion (range)
ALC<0.3x10°/L 44(55.7%)
ANC <0.5x 10°/L 44(55.7%)
Lymphodepleting preparative regimen, n (%)
Group A 11(13.9%)
Group B 68(86.1%)
CRS, n (%)
Grade <3 (including grade 0) 46(58.2%)
Grade >3 33(41.8%)
ICANS, n (%)
Grade <3 (including grade 0) 70(88.6%)
Grade >3 9(11.4%)
Use of glucocorticoid
Yes 33(41.7%)
No 46(58.3%)
Use of tocilizumab
Yes 51(64.6%)
No 28(35.4%)

CAR-T Chimeric antigen receptor T-cell, HCT Hematopoietic stem
cell transplantation, ANC Absolute neutrophil count, ALC Absolute
lymphocyte count, CRS Cytokine release syndrome, /ICANS Immune
effector cell-associated neurotoxicity syndrome

In Group A, the total dose of cyclophosphamide was >1 g/m?, and
the total dose of fludarabine was > 0.12 g/m?

Group B: the total dose of cyclophosphamide <1 g/m? and the total
dose of fludarabine <0.12 g/m?

Infections post-CAR-T therapy

The cumulative incidence of the first infection within
90 days of CAR-T infusion is shown in Fig. 1. The cumula-
tive incidence of the first infection was 32.9% (95% confi-
dence interval CI 19.5-55.8%) by day 7, 44.3% (95% CI
32.1-55.8%) by day 30, and 67.1% (95% CI 58.9-74.0%)
by day 90 after CAR-T therapy. The median time to the first
infection was 8 days (range, 4-55 days) after infusion, and
most infections occurred in the early phase, with an infection
density of 1.72. In contrast, infection density was 0.8 in the
late phase. Bacterial infections mainly occurred in the early
phase (n=20), whereas viral infections were more common
in the late phase (n=7) (Table 4).

In the LD chemotherapy phase, nine patients experienced
nine infectious episodes, and no bacterial or viral infections
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Fig.1 Cumulative incidence of infections post-chimeric antigen
receptor T-cell (CAR-T) therapy in pediatric patients

were detected. In the early phase, 41 infections occurred
in 35 children, and pathogens were identified in 20 infec-
tions, all of which were bacterial. Thirteen children had 14
episodes of bacteremia, of which six were Gram-positive
bacteria, eight were Gram-negative bacteria, and all these
children had neutropenia. Four children were admitted to
the ICU for treatment because of infection, and one died
because of grade 4 CRS complicated by Acinetobacter bau-
mannii infection of the respiratory tract and Staphylococ-
cus aureus bacteremia. In the late phase, 29 children had a
total of 38 infectious episodes, and pathogens were detected
in 11 cases, including seven viral (herpes virus and human
parvovirus detected in plasma by PCR), three bacterial (one
Gram-positive bacterium and two Gram-negative bacteria),
and one fungal (urinary tract infection caused by Trichos-
poron asahii) infection. Details of the pathogens are pre-
sented in Table 5.

Factors associated with the occurrence of infections

Univariate and multivariate Cox regression analyses were
performed on the clinical factors of the 79 patients, and
the risk factors for CAR-T therapy-related infections were
assessed (Table 6). Univariate analysis showed that the bone
marrow blasts (pre-infusion), MRD of the bone marrow (pre-
infusion), lymphopenia (pre-infusion), lymphocyte count

before infusion, duration of neutrophil deficiency and lym-
phocyte reduction after infusion, CRS and ICANS grades,
use of IL-6 receptor antagonists and glucocorticoids, ICU
admission, and peak value of the Treg proportion (within
1 week after infusion) were associated with the presence
of infection (P <0.05). Multivariate analysis showed that
CRS >3 was an independent risk factor for CAR-T therapy-
related infection (hazard ratio=2.41, 95% CI 1.08-5.36,
P=0.031) and the infection risk of patients with CRS >3
after CAR-T infusion increased by 2.41-fold (Fig. 2).

Discussion

CAR-T therapy can effectively improve the remission and
survival rates of patients with R/R B-ALL. However, adverse
events, including CRS, ICANS, infections, and hematologi-
cal toxicity, are associated with CAR-T therapy. In recent
years, CAR-T therapy-related infections have attracted
increasing attention. In some prospective clinical trials
and retrospective studies, the incidence of infection was
approximately 18-60% [11-16]. Our research suggests that
the cumulative infection rate within 90 days after CAR-T
transfusion was 67.1%, the early infection density was 1.94,
and the late infection density was 0.8, which were similar to
recent reports [3, 17-19].

Neutropenia is an important risk factor for bacterial
infection, and early bacterial infection with CAR-T therapy
may be related to multiple neutropenic episodes during this
period. Neutropenia is more common after CAR-T therapy,
which can be caused by many factors (including CRS and
LD chemotherapy) [20-23]. In a clinical study of CAR-T
therapy in patients with relapsed/refractory lymphoma, the
incidence of neutropenia was 71%, and most of these cases
(98%) occurred in the early phase after CAR-T therapy [24].
Fried et al. [22] reported that 72% patients (n=38) with R/R
B-ALL had severe neutropenia (grade > 3), and the median
occurrence time of neutropenia was by day 17 after the ini-
tiation of CAR-T therapy. Our data suggest that 16 children
developed infections following CAR-T therapy, with a total

Table 4 Pathogens of infection* Type of infection

The phase of LD chemo- Days 0-30 post-CAR-T (the

Days 31-90 post-

therapy early phase) CAR-T (the late
phase)
Total Patients Total episodes Patients Total Patients
episodes  affected affected episodes affected
Bacterial infections 0 0 20 16 3
Viral infections 0 0 0 0
Fungal infections 0 0 0 0 1 1

LD Lymphodepletion and CAR-T Chimeric antigen receptor T-cell

*Pathogens were detected in 31 infections, including 23 bacterial, seven viral, and one fungal infection
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Table 5 Microbiological description of infection events
Patient Phase of LD Early phase Late phase
number chemotherapy
2 Pseudomonas aeruginosa (blood) Streptococcus pneumoniae
(blood) + EBV (blood)
3 Stenotrophomonas maltophilia (urine)
Staphylococcus warneri (blood) + Acinetobacter baumannii (sputum)
8 Staphylococcus (blood)
11 Haemophilus influenzae (blood) +S. pneumoniae (blood) + Stenotropho- CMYV (blood)
monas maltophilia (Stool)
12 Escherichia coli (blood)
13 Staphylococcus aureus (blood)
21 H. influenzae (blood)
30 Staphylococcus capitis (blood) VB19 (blood)
35 E. coli (blood)
42 Klebsiella pneumoniae (sputum)+ Staphylococcus epidermidis (blood) CMV (blood)
49 S. pneumoniae (sputum)
56 S. pneumoniae (blood)
58 E. coli (urine)
59 Staphylococcus hominis (blood)
62 Trichosporon asahii (Urine)
63 CMV (blood)
64 Salmonella (stool)
76 K. pneumoniae (blood)
77 S. hominis (blood) VB19 (blood)
79 VB19 (blood)

EBV Epstein—Barr virus, CMV Cytomegalovirus, and VBI9 Parvovirus B19

of 20 bacterial infections in the early phase. All 16 children
developed neutropenia, and seven of these patients had per-
sistent neutropenia (lasting > 20 days). Therefore, we should
pay attention to identify bacterial infection, perform anti-
infection actively, and avoid cross-infection for patients with
neutropenia after CAR-T treatment, especially those with
persistent agranulocytosis. In addition, some studies have
showed that patients could receive granulocyte—-macrophage
colony-stimulating factor (GM-CSF) or granulocyte colony-
stimulating factor (G-CSF) treatment to decrease the dura-
tion of neutropenia, but this approach remains controversial
[25-27]. In our center, none of the children was treated with
GM-CSF or G-CSF. We plan to perform some researches to
evaluate the advantages and disadvantages of this treatment
for children who receive the CAR-T therapy in the future.
Viral infections mostly occur in the late phase after
CAR-T infusion, which may be related to B-cell aplasia
and hypogammaglobulinemia [28]. The “off-target” effect
of CAR-Ts (CAR-Ts not only kill malignant B cells, but
also target normal B cells) leads to the failure of B-cell
regeneration, inducing hypogammaglobulinemia. The
incidence of hypogammaglobulinemia varies across treat-
ment centers, with reports indicating an incidence of
20-90% due to differences in research objects, definitions
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of hypogammaglobulinemia, and methods of immunoglob-
ulin determination [12, 29-31]. In our study, 53 children
had complete humoral immunity data including 27 (50.9%)
with late-phase hypogammaglobulinemia. Among the 27
children with hypogammaglobulinemia, 11 developed infec-
tions, and the pathogens were identified in four children, of
which three were viral infections. The infection density in
the late phase was lower than that in the early phase, which
may be related to the routine monthly infusion of gamma-
globulin for patients in our center after CAR-T therapy (until
6 months after treatment), which reduces the incidence of
hypogammaglobulinemia. Moreover, lymphocyte and neu-
trophil counts recovered over time in most cases. In our
study, lymphocyte and neutrophil counts recovered in 54
(54/60, 90%) and 48 (48/71, 67.6%) children, respectively,
in the late phase. At present, most reports show that respira-
tory viruses (including influenza virus, parainfluenza virus,
metapneumovirus, and respiratory syncytial virus [32]) are
the most common pathogens in the late phase of reinfusion,
and only a small number of herpes viruses are observed. The
reported incidence of cytomegalovirus (CMV) infection is
1-2%, with viremia constituting most cases, whereas organ
damage is rare. However, an increasing number of fatal cases
of viral infections have been reported in recent years [33,
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Tab]e 6 Association of chimeric Variables Univariate hazard P value Multivariate P value
antigen receptor T-cell (CAR-T) ratio (95% CI) hazard ratio (95%
therapx varla'bles with time I
to first infection post-CAR-T
therapy General information
Sex (F vs. M) 1.41(0.79-2.51) 0.242
Age 1.06(0.98-1.14) 0.114
Pre-CAR-T variables
Dose of CAR-T cells 0.91(0.83-1.00) 0.063 0.98(0.87-1.09) 0.721
Bone marrow blasts 1.01(1.00-1.02)  0.000 1.01(0.99-1.02)  0.065
MRD 3.91(1.38-11.07) 0.010 0.59(0.10-3.25)  0.545
ANC<0.5 (Yes vs. No) 1.51(0.86-2.63) 0.147
ALC<0.3 (Yes vs. No) 1.99(1.13-3.52)  0.016 1.77(0.90-3.47)  0.097
History of HCT (Yes vs. No) 1.66(0.65-4.19) 0.281
LD chemotherapy (Group A vs. Group B) 2.10(1.05-4.20) 0.035 2.01(0.924.38) 0.077
Post-CAR-T variables
Duration of ANC <0.5 1.03(1.01-1.05)  0.005 0.99(0.96-1.03) 0.841
Duration of ALC <0.3 1.03(1.00-1.06)  0.008 0.99(0.95-1.02) 0.621
CRS grade (>3 vs.<3) 3.41(1.95-5.94)  0.000 2.41(1.08-5.36)  0.031
ICANS grade (>3 vs.<3) 2.62(1.22-5.64) 0.013 1.64(0.66-4.09) 0.285
Use of IL-6 receptor antagonists (yes vs. no)  1.87(1.02-3.42) 0.040 1.06(0.50-2.25) 0.874
Use of glucocorticoids (yes vs. no) 2.07(1.20-3.57)  0.008 1.05(0.55-2.00) 0.875
Admission to ICU (yes vs. no) 3.63(2.07-6.37)  0.000 1.75(0.77-3.98) 0.179
Peak value of Tregs proportion* 1.02(1.00-1.05) 0.026 1.00(0.98-1.03) 0.574
Cox proportional hazards model
M Male, F Female, CAR-T Chimeric antigen receptor T-cell, MRD Minimal residual disease, ANC Abso-
lute neutrophil count, ALC Absolute lymphocyte count, CRS Cytokine release syndrome, /CANS Immune
effector cell-associated neurotoxicity syndrome, HCT Hematopoietic stem cell transplantation, and Tregs
Regulatory T-cells
*Peak value of regulatory T-cell proportion within 1 week after CAR-T therapy
The bold numbers: P<0.1 in univariate analysis and P <0.05 in multivariate analysis
—— CRSgrade<3 for virus including AIDS, hepatitis B and C, CMV, EBV
o - CRSPing? and VB19, etc., before the treatment, and no infection was
§ 1997 ' found.) by PCR every month. It showed that CMV and VB19
2 were common in our data, and all patients were viremia and
; 50 mainly receive symptomatic treatment.
£ Fungal infections after CAR-T therapy are rare, with an
E incidence between 1 and 5% [9, 19], which may be related
3 0 . . . . to persistent neutropenia or the long-term use of glucocor-

1
0 20 40 60 80 100
Days after CAR-T-cell infusion

Fig.2 The Kaplan—-Meier curve was used to analyze the correla-
tion between cytokine release syndrome (CRS) grades and infection.
The infection risk of patients with CRS >3 after CAR-T infusion
increased by 2.41-fold

34]. Respiratory tract infection was the most common in our
study; however, the etiological examination of respiratory
tract infection has not been checked routinely. Meanwhile,
we detected the EBV, CMV, and human parvovirus B19 in
the peripheral blood of patients (All patients were screened

ticoids. Our center usually administers antifungal treatment
to children with fungal infections during CAR-T treatment.
Only one case of urinary tract fungal infection (T. asahii)
was detected, and the infection was successfully treated with
voriconazole. The child had long-term cytopenia, neutrope-
nia lasting up to 30 days, a history of glucocorticoid use, and
persistent application of broad-spectrum antibiotics. These
factors increase the risk of fungal infection in children.
Therefore, antifungal drugs should be used preventively in
children with high-risk factors.

Although infections following CAR-T therapy are com-
mon, life-threatening infections are rare. Hill et al. performed
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a retrospective analysis of 133 patients who underwent
CD19 CAR-T therapy, and found that 30 children had 43
infectious episodes, but only two led to death [9]. A report
on CAR-T treatment in children and adolescents showed that
two of 39 patients died. One patient died of rhinocerebral
mucormycosis and E. faecalis disseminated infection, and
the other patient died of polymicrobial bloodstream infec-
tion with E. faecalis and S. epidermidis [3]. In this study,
only one child died of grade 4 CRS complicated by infec-
tion, which was caused by A. baumannii infection in the
respiratory tract and Staphylococcus wallichii bacteremia.
Following treatment with imipenem, amikacin, and voricon-
azole, the oxygen saturation and blood pressure could not
be maintained at stable levels, and the patient died of mul-
tiple organ dysfunction syndrome and septic shock. Early
identification of infection and active anti-infection therapy
are one of the effective strategies to reduce the mortality of
CAR-T therapy-related infection. Therefore, when children
have symptoms of infection, we should promptly identify the
infection site, conduct pathogen identification, actively and
empirically use broad-spectrum antibiotics, regularly evalu-
ate the severity of infection, and adjust antibiotics according
to the pathogen test results.

We also analyzed the clinical factors related to infection
and found that they were related to tumor load, lymphode-
pleting chemotherapy, neutrophil deficiency and lympho-
cyte reduction, CRS and ICANS, etc. High tumor load and
intensive lymphocyte clearance usually lead to an increased
incidence of severe CRS and ICANS [35, 36], and patients
with severe CRS have a higher risk of infection [3, 9]. CRS
is one of the most common adverse reactions after CAR-T
therapy and typically occurs 1-14 days after CAR-T infusion
for a duration of approximately 1-10 days, with an incidence
of 30-100% while the incidence of CRS grade >3 being
approximately 10-30% [11]. CRS is mainly characterized
by fever, hypotension, decreased pulse oxygen, and toxicity
of various organs [32]. These symptoms are often difficult to
distinguish from sepsis caused by bacterial infection, so we
may inevitably overestimate the incidence of infection in the
early phase. Patients with severe CRS often require admis-
sion to the ICU. Indwelling catheters (central venous cath-
eters, urinary catheters, and tracheal catheters) in the ICU
increase the risk of infection, and patients often require glu-
cocorticoid and/or IL-6 receptor antagonist treatment, which
may inhibit the ability of the patient’s immune system to
respond effectively to pathogens [28]. A single-center study
on rheumatoid arthritis showed that the use of IL-6 receptor
antagonists was associated with an increase in infection [37].
However, Frigault et al. noted that IL-6 receptor antagonist
use in patients after CAR-T treatment was not associated
with the occurrence of infection [38]. Regarding the associa-
tion between glucocorticoid use and infection risk, current
findings have yielded conflicting results with some studies
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showing no increased infection risk [17] and others demon-
strating an increased infection risk [39]. These contradictory
results may be due to the selection bias of different studies
as different research centers have different standards for the
selection of research participants, definition of infection, and
use of antibacterial drugs. In summary, owing to the com-
prehensive effects of many factors, severe CRS increases the
risk of infection in patients.

Interestingly, we also found that Tregs were related to
infections after CAR-T therapy, and the risk of infection
increased with an increase in the peak value of the Treg
proportion. Tregs are a subset of T cells with strong nega-
tive immunoregulatory functions that actively inhibit the
activation, amplification, and function of other immune
cells, thus regulating the intensity and duration of the
immune response and maintaining immune homeostasis
in vivo [40—42]. Sustained high expression of Tregs inhib-
its the activation and expansion of tumor antigen-specific
effector T cells, affecting the curative effect of CAR-Ts,
further aggravating the immune deficiency of patients,
and increasing the risk of infection. Therefore, inhibit-
ing the activation of Tregs, when necessary, may promote
the tumor-killing effect of CAR-Ts and reduce the risk of
infection. We intend to explore this intriguing aspect in
our future clinical work.

After the remission of CAR-T therapy in our center,
most children underwent hematopoietic stem cell trans-
plantation within approximately 90 days, and long-term
infection after CAR-T transfusion could not be tracked.
Further research is required to generate robust data on eti-
ology and immunology to address this limitation.

The incidence, pathogens, and severity of infection after
CAR-T therapy are affected by many factors. Therefore, inte-
grating the experience of CAR-T therapy for various hema-
tological diseases is important to better understand related
infectious complications and formulate the optimal infection
management strategy to improve the safety and effectiveness
of CAR-T therapy for children with R/R B-ALL.

Acknowledgements XCW thanks the staff and faculty of the depart-
ment of hematology at Children’s Hospital of Soochow University for
tireless work caring for the patients involved in this study, especially
appreciating Jinran Li and Qi Ji for their assistance during this study.

Author contributions XCW, ZMC, and ZHC analyzed data and wrote
the manuscript. YW, HLH, and PFX reviewed that data and edited the
manuscript. SYH, BSL, and JL guided the study, proposed the study
protocol, supervised its implementation, and provided funding. All
authors approved the final manuscript prior to submission.

Funding Design of the study and collection, analysis, and interpretation
of data by fund from Medical Research Project of Jiangsu Provincial
Health and Family Planning Commission (Key Project ZD2021006),
National Natural Science Foundation of China (Nos. 81770193,
82100229, and 81970163), Jiangsu Project (No. BE2021654), Suzhou



Clinical and Experimental Medicine (2024) 24:87

Page9of10 87

Enterprise Technology Innovation’s project, and Suzhou Key Labora-
tory of Childhood Leukemia (SZS201615).

Declarations
Conflict of interest The authors declare no competing interests.

Ethical approval All procedures performed in studies involving human
participants were approved by the Ethics Committee of Children’s Hos-
pital affiliated to Suzhou University, which is in line with the guidelines
of Helsinki Declaration. Informed consent was obtained from all indi-
vidual participants included in the study.

Open Access This article is licenced under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution, and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third-party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Sterner RC, Sterner RM. CAR-T cell therapy: current limitations
and potential strategies. Blood Cancer J. 2021;11(4):69. https://
doi.org/10.1038/541408-021-00459-7.

2. Holstein SA, Lunning MA. CAR T-cell therapy in hemato-
logic malignancies: a voyage in progress. Clin Pharmacol Ther.
2020;107(1):112-22. https://doi.org/10.1002/cpt.1674.

3. Maron GM, Hijano DR, Epperly R, et al. Infectious complica-
tions in pediatric, adolescent and young adult patients undergoing
CD19-CAR T cell therapy. Front Oncol. 2022;12:845540. https://
doi.org/10.3389/fonc.2022.845540.

4. Bupha-Intr O, Haeusler G, Chee L, Thursky K, Slavin M, Teh B.
CAR-T cell therapy and infection: a review. Expert Rev Anti Infect
Ther. 2021;19(6):749-58. https://doi.org/10.1080/14787210.2021.
1855143.

5. Telli Dizman G, Aguado JM, Fernandez-Ruiz M. Risk of infec-
tion in patients with hematological malignancies receiving CAR
T-cell therapy: systematic review and meta-analysis. Expert Rev
Anti Infect Ther. 2022;20(11):1455-1476. https://doi.org/10.1080/
14787210.2022.2128762.

6. Stewart AG, Henden AS. Infectious complications of CAR
T-cell therapy: a clinical update. Ther Adv Infect Dis.
2021;8:20499361211036772. https://doi.org/10.1177/2049936121
1036773.

7. Lee DW, Gardner R, Porter DL, et al. Current concepts in
the diagnosis and management of cytokine release syn-
drome. Blood. 2014;124(2):188-95. https://doi.org/10.1182/
blood-2014-05-552729.

8. Lee DW, Santomasso BD, Locke FL, et al. ASTCT consensus
grading for cytokine release syndrome and neurologic toxic-
ity associated with immune effector cells. Biol Blood Marrow
Transpl. 2019;25(4):625-38. https://doi.org/10.1016/j.bbmt.2018.
12.758.

9. Hill JA, Li D, Hay KA, et al. Infectious complications of
CD19-targeted chimeric antigen receptor—modified T-cell

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

immunotherapy. Blood. 2018;131(1):121-30. https://doi.org/10.
1182/blood-2017-07-793760.

De Pauw B, Walsh TJ, Donnelly JP, et al. Revised definitions
of invasive fungal disease from the European organization for
research and treatment of cancer/invasive fungal infections
cooperative group and the national institute of allergy and infec-
tious diseases mycoses study group (EORTC/MSG) consensus
group. Clin Infect Dis. 2008;46(12):1813-21. https://doi.org/
10.1086/588660.

Hayden PJ, Roddie C, Bader P, et al. Management of adults
and children receiving CAR T-cell therapy: 2021 best practice
recommendations of the European society for blood and marrow
transplantation (EBMT) and the joint accreditation committee
of ISCT and EBMT (JACIE) and the European haematology
association (EHA). Ann Oncol. 2022;33(3):259-75. https://doi.
org/10.1016/j.annonc.2021.12.003.

Abramson JS, Palomba ML, Gordon LI, et al. Lisocabtagene
maraleucel for patients with relapsed or refractory large B-cell
lymphomas (TRANSCEND NHL 001): a multicentre seamless
design study. Lancet. 2020;396(10254):839-52. https://doi.org/
10.1016/50140-6736(20)31366-0.

Wang M, Munoz J, Goy A, et al. KTE-X19 CAR T-cell therapy
in relapsed or refractory mantle-cell lymphoma. New Engl J
Med. 2020;382(14):1331-42. https://doi.org/10.1056/NEJMo
al914347.

Jacobson CA, Chavez JC, Sehgal AR, et al. Axicabtagene cilo-
leucel in relapsed or refractory indolent non-Hodgkin lymphoma
(ZUMA-5): a single-arm, multicentre, phase 2 trial. Lancet Oncol.
2022;23(1):91-103. https://doi.org/10.1016/s1470-2045(21)
00591-x.

Baird JH, Epstein DJ, Tamaresis JS, et al. Immune reconstitution
and infectious complications following axicabtagene ciloleucel
therapy for large B-cell lymphoma. Blood Adv. 2021;5(1):143-55.
https://doi.org/10.1182/bloodadvances.2020002732.

Jessica S Little, Megha Tandon, Joseph Seungpyo Hong, et al.
Respiratory infections predominate after day 100 following
B-cell maturation antigen-directed CAR T-cell therapy.2023 Sep
26;7(18):5485-5495. https://doi.org/10.1182/bloodadvances.
2023010524.

Vora SB, Waghmare A, Englund JA, Qu P, Gardner RA, Hill JA.
Infectious complications following CD19 chimeric antigen recep-
tor T-cell therapy for children, adolescents, and young adults.
Open Forum Infect Dis. 2020;7(5):1ofaal21. https://doi.org/10.
1093/ofid/ofaal21.

Park JH, Romero FA, Taur Y, et al. Cytokine release syndrome
grade as a predictive marker for infections in patients with
relapsed or refractory B-cell acute lymphoblastic leukemia
treated with chimeric antigen receptor T Cells. Clin Infect Dis.
2018;67(4):533-40. https://doi.org/10.1093/cid/ciy152.
Wudhikarn K, Palomba ML, Pennisi M, et al. Infection during the
first year in patients treated with CD19 CAR T cells for diffuse
large B cell lymphoma. Blood Cancer J. 2020;10(8):79. https://
doi.org/10.1038/541408-020-00346-7.

Logue JM, Zucchetti E, Bachmeier CA, et al. Immune reconstitu-
tion and associated infections following axicabtagene ciloleucel
in relapsed or refractory large B-cell lymphoma. Haematologica.
2021;106(4):978-86. https://doi.org/10.3324/haematol.2019.
238634.

Jain T, Knezevic A, Pennisi M, et al. Hematopoietic recovery in
patients receiving chimeric antigen receptor T-cell therapy for
hematologic malignancies. Blood Adv. 2020;4(15):3776-87.
https://doi.org/10.1182/bloodadvances.2020002509.

Fried S, Avigdor A, Bielorai B, et al. Early and late hema-
tologic toxicity following CD19 CAR-T cells. Bone Mar-
row Transpl. 2019;54(10):1643-50. https://doi.org/10.1038/
$41409-019-0487-3.

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/s41408-021-00459-7
https://doi.org/10.1038/s41408-021-00459-7
https://doi.org/10.1002/cpt.1674
https://doi.org/10.3389/fonc.2022.845540
https://doi.org/10.3389/fonc.2022.845540
https://doi.org/10.1080/14787210.2021.1855143
https://doi.org/10.1080/14787210.2021.1855143
https://doi.org/10.1080/14787210.2022.2128762
https://doi.org/10.1080/14787210.2022.2128762
https://doi.org/10.1177/20499361211036773
https://doi.org/10.1177/20499361211036773
https://doi.org/10.1182/blood-2014-05-552729
https://doi.org/10.1182/blood-2014-05-552729
https://doi.org/10.1016/j.bbmt.2018.12.758
https://doi.org/10.1016/j.bbmt.2018.12.758
https://doi.org/10.1182/blood-2017-07-793760
https://doi.org/10.1182/blood-2017-07-793760
https://doi.org/10.1086/588660
https://doi.org/10.1086/588660
https://doi.org/10.1016/j.annonc.2021.12.003
https://doi.org/10.1016/j.annonc.2021.12.003
https://doi.org/10.1016/s0140-6736(20)31366-0
https://doi.org/10.1016/s0140-6736(20)31366-0
https://doi.org/10.1056/NEJMoa1914347
https://doi.org/10.1056/NEJMoa1914347
https://doi.org/10.1016/s1470-2045(21)00591-x
https://doi.org/10.1016/s1470-2045(21)00591-x
https://doi.org/10.1182/bloodadvances.2020002732
https://doi.org/10.1182/bloodadvances.2023010524
https://doi.org/10.1182/bloodadvances.2023010524
https://doi.org/10.1093/ofid/ofaa121
https://doi.org/10.1093/ofid/ofaa121
https://doi.org/10.1093/cid/ciy152
https://doi.org/10.1038/s41408-020-00346-7
https://doi.org/10.1038/s41408-020-00346-7
https://doi.org/10.3324/haematol.2019.238634
https://doi.org/10.3324/haematol.2019.238634
https://doi.org/10.1182/bloodadvances.2020002509
https://doi.org/10.1038/s41409-019-0487-3
https://doi.org/10.1038/s41409-019-0487-3

87

Page 10 of 10

Clinical and Experimental Medicine (2024) 2487

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

Qiu T, Hu L, Zhang Y, et al. Cytopenia after CAR-T cell therapy:
analysis of 63 patients with relapsed and refractory B-cell non-
Hodgkin lymphoma. Oncol Lett. 2023;26(2):338. https://doi.org/
10.3892/01.2023.13924.

Zhou J, Zhang Y, Shan M, et al. Cytopenia after chimeric antigen
receptor T cell immunotherapy in relapsed or refractory lym-
phoma. Front Immunol. 2022;13:997589. https://doi.org/10.3389/
fimmu.2022.997589.

Galli E, Allain V, Di Blasi R, et al. G-CSF does not worsen tox-
icities and efficacy of CAR-T cells in refractory/relapsed B-cell
lymphoma. Bone Marrow Transpl. 2020;55(12):2347-9. https://
doi.org/10.1038/541409-020-01006-x.

Sterner RM, Sakemura R, Cox MIJ, et al. GM-CSF inhibi-
tion reduces cytokine release syndrome and neuroinflam-
mation but enhances CAR-T cell function in xenografts.
Blood. 2019;133(7):697-709. https://doi.org/10.1182/
blood-2018-10-881722.

Liévin R, Di Blasi R, Morin F, et al. Effect of early granulocyte-
colony-stimulating factor administration in the prevention of
febrile neutropenia and impact on toxicity and efficacy of anti-
CD19 CAR-T in patients with relapsed/refractory B-cell lym-
phoma. Bone Marrow Transpl. 2022;57(3):431-9. https://doi.
org/10.1038/s41409-021-01526-0.

Wudhikarn K, Perales MA. Infectious complications,
immune reconstitution, and infection prophylaxis after
CD19 chimeric antigen receptor T-cell therapy. Bone Mar-
row Transpl. 2022;57(10):1477-88. https://doi.org/10.1038/
$41409-022-01756-w.

Maude SL, Laetsch TW, Buechner J, et al. Tisagenlecleucel in
children and young adults with B-Cell lymphoblastic leukemia.
New Engl J Med. 2018;378(5):439-48. https://doi.org/10.1056/
NEJMoal709866.

Kampouri E, Walti CS, Gauthier J, Hill JA. Managing hypogam-
maglobulinemia in patients treated with CAR-T-cell therapy: key
points for clinicians. Expert Rev Hematol. 2022;15(4):305-20.
https://doi.org/10.1080/17474086.2022.2063833.

Doan A, Pulsipher MA. Hypogammaglobulinemia due to CAR
T-cell therapy. Pediatr Blood Cancer. 2018 Apr;65(4):10.1002/
pbc.26914. https://doi.org/10.1002/pbc.26914.

Los-Arcos I, Iacoboni G, Aguilar-Guisado M, et al. Recommen-
dations for screening, monitoring, prevention, and prophylaxis of
infections in adult and pediatric patients receiving CAR T-cell
therapy: a position paper. Infection. 2021;49(2):215-31. https://
doi.org/10.1007/s15010-020-01521-5.

@ Springer

34.

35.

36.

37.

38.

39.

40.

41.

42.

. Korell F, Schubert ML, Sauer T, et al. Infection complications

after lymphodepletion and dosing of chimeric antigen receptor
T (CAR-T) cell therapy in patients with relapsed/refractory acute
lymphoblastic leukemia or B cell non-Hodgkin lymphoma. Can-
cers. 2021. https://doi.org/10.3390/cancers13071684.

Wang D, Mao X, Que Y, et al. Viral infection/reactivation dur-
ing long-term follow-up in multiple myeloma patients with anti-
BCMA CAR therapy. Blood Cancer J. 2021;11(10):168. https://
doi.org/10.1038/541408-021-00563-8.

Brudno JN, Kochenderfer JN. Recent advances in CAR T-cell
toxicity: mechanisms, manifestations and management. Blood
Rev. 2019;34:45-55. https://doi.org/10.1016/j.blre.2018.11.002.
EEE, BB, R, #RE U R ARTAN M G BT i AL #1
T3 SERITEFOE . [ B i K MR 2 2% 2. 2020 43(1): 77-81.
https://doi.org/10.3760/cma.j.issn.1673-419X.2020.01.014
Schiff MH, Kremer JM, Jahreis A, Vernon E, Isaacs JD, van
Vollenhoven RF. Integrated safety in tocilizumab clinical trials.
Arthritis Res Ther. 2011;13(5):R141. https://doi.org/10.1186/
ar3455.

Frigault MJ, Nikiforow S, Mansour MK, et al. Tocilizumab not
associated with increased infection risk after CAR T-cell therapy:
implications for COVID-19? Blood. 2020;136(1):137-9. https://
doi.org/10.1182/blood.2020006216.

Strati P, Ahmed S, Furqan F, et al. Prognostic impact of corticos-
teroids on efficacy of chimeric antigen receptor T-cell therapy in
large B-cell lymphoma. Blood. 2021;137(23):3272-6. https://doi.
org/10.1182/blood.2020008865.

Rana J, Biswas M. Regulatory T cell therapy: current and future
design perspectives. Cell Immunol. 2020;356:104193. https://doi.
org/10.1016/j.cellimm.2020.104193.

Perry JA, Shallberg L, Clark JT, et al. PD-L1-PD-1 interactions
limit effector regulatory T cell populations at homeostasis and
during infection. Nat Immunol. 2022;23(5):743-56. https://doi.
org/10.1038/541590-022-01170-w.

Qu G, Chen J, Li Y, Yuan Y, Liang R, Li B. Current status and
perspectives of regulatory T cell-based therapy. J] Genet Genom-
ics. 2022;49(7):599-611. https://doi.org/10.1016/j.jgg.2022.05.
005.

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.3892/ol.2023.13924
https://doi.org/10.3892/ol.2023.13924
https://doi.org/10.3389/fimmu.2022.997589
https://doi.org/10.3389/fimmu.2022.997589
https://doi.org/10.1038/s41409-020-01006-x
https://doi.org/10.1038/s41409-020-01006-x
https://doi.org/10.1182/blood-2018-10-881722
https://doi.org/10.1182/blood-2018-10-881722
https://doi.org/10.1038/s41409-021-01526-0
https://doi.org/10.1038/s41409-021-01526-0
https://doi.org/10.1038/s41409-022-01756-w
https://doi.org/10.1038/s41409-022-01756-w
https://doi.org/10.1056/NEJMoa1709866
https://doi.org/10.1056/NEJMoa1709866
https://doi.org/10.1080/17474086.2022.2063833
https://doi.org/10.1002/pbc.26914
https://doi.org/10.1007/s15010-020-01521-5
https://doi.org/10.1007/s15010-020-01521-5
https://doi.org/10.3390/cancers13071684
https://doi.org/10.1038/s41408-021-00563-8
https://doi.org/10.1038/s41408-021-00563-8
https://doi.org/10.1016/j.blre.2018.11.002
https://doi.org/10.3760/cma.j.issn.1673-419X.2020.01.014
https://doi.org/10.1186/ar3455
https://doi.org/10.1186/ar3455
https://doi.org/10.1182/blood.2020006216
https://doi.org/10.1182/blood.2020006216
https://doi.org/10.1182/blood.2020008865
https://doi.org/10.1182/blood.2020008865
https://doi.org/10.1016/j.cellimm.2020.104193
https://doi.org/10.1016/j.cellimm.2020.104193
https://doi.org/10.1038/s41590-022-01170-w
https://doi.org/10.1038/s41590-022-01170-w
https://doi.org/10.1016/j.jgg.2022.05.005
https://doi.org/10.1016/j.jgg.2022.05.005

	Infectious complications in pediatric patients undergoing CD19+CD22+ chimeric antigen receptor T-cell therapy for relapsedrefractory B-lymphoblastic leukemia
	Abstract
	Introduction
	Methods
	Patients
	Data collection
	Manufacture of CAR-Ts and LD chemotherapy

	Definitions
	Evaluation standards for adverse reactions
	Definition of infection
	Based on pathogen
	Bacterial infection
	Viral infection
	Fungal infection

	Based on site of infection (Table 2)
	Infection density
	Hypogammaglobulinemia
	Treatment of fever and infection
	Statistical analysis

	Results
	Clinical characteristics of patients
	Infections post-CAR-T therapy
	Factors associated with the occurrence of infections

	Discussion
	Acknowledgements 
	References


