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ABSTRACT
Background  CD19-directed chimeric antigen receptor 
T-cell therapy (CAR-T) represents a promising treatment 
modality for an increasing number of B-cell malignancies. 
However, prolonged cytopenias and infections substantially 
contribute to the toxicity burden of CAR-T. The recently 
developed CAR-HEMATOTOX (HT) score—composed of 
five pre-lymphodepletion variables (eg, absolute neutrophil 
count, platelet count, hemoglobin, C-reactive protein, 
ferritin)—enables risk stratification of hematological 
toxicity.
Methods  In this multicenter retrospective analysis, we 
characterized early infection events (days 0–90) and 
clinical outcomes in 248 patients receiving standard-
of-care CD19 CAR-T for relapsed/refractory large B-cell 
lymphoma. This included a derivation cohort (cohort A, 
179 patients) and a second independent validation cohort 
(cohort B, 69 patients). Cumulative incidence curves were 
calculated for all-grade, grade ≥3, and specific infection 
subtypes. Clinical outcomes were studied via Kaplan-Meier 
estimates.
Results  In a multivariate analysis adjusted for other 
baseline features, the HT score identified patients at high 
risk for severe infections (adjusted HR 6.4, 95% CI 3.1 to 
13.1). HThigh patients more frequently developed severe 
infections (40% vs 8%, p<0.0001)—particularly severe 
bacterial infections (27% vs 0.9%, p<0.0001). Additionally, 
multivariate analysis of post-CAR-T factors revealed that 
infection risk was increased by prolonged neutropenia 
(≥14 days) and corticosteroid use (≥9 days), and decreased 
with fluoroquinolone prophylaxis. Antibacterial prophylaxis 
significantly reduced the likelihood of severe bacterial 
infections in HThigh (16% vs 46%, p<0.001), but not HTlow 
patients (0% vs 2%, p=n.s.). Collectively, HThigh patients 
experienced worse median progression-free (3.4 vs 12.6 
months) and overall survival (9.1 months vs not-reached), 
and were hospitalized longer (median 20 vs 16 days). 
Severe infections represented the most common cause 
of non-relapse mortality after CAR-T and were associated 
with poor survival outcomes. A trend toward increased 
non-relapse mortality in HThigh patients was observed 
(8.0% vs 3.7%, p=0.09).

Conclusions  These data demonstrate the utility of the HT 
score to risk-stratify patients for infectious complications 
and poor survival outcomes prior to CD19 CAR-T. High-risk 
patients likely benefit from anti-infective prophylaxis and 
should be closely monitored for potential infections and 
relapse.

BACKGROUND
Chimeric antigen receptor T-cells (CAR-T) 
directed against the target antigen CD19 have 
emerged as a powerful treatment modality for 
relapsed/refractory large B-cell lymphoma 
(R/R LBCL).1 2 However, their clinical benefit 
comes at the cost of a unique toxicity profile 
that includes cytokine release syndrome 
(CRS) and immune effector cell-associated 

Key messages

What is already known on this topic
	⇒ Infections after CD19-directed chimeric antigen 
receptor T-cell therapy (CAR-T) are common in the 
real-world setting and arise as a result of multifac-
torial immunosuppression.

What this study adds
	⇒ The CAR-HEMATOTOX represents an easy-to-apply 
score that helps to identify patients at high risk for 
severe infections and poor clinical outcomes prior to 
lymphodepletion. Post-CAR-T infection risk is driven 
by prolonged neutropenia and steroid use, but re-
duced by fluoroquinolone prophylaxis in high-risk 
patients.

How this study migh affect research, practice 
or policy

	⇒ These data provide the rationale for prospective 
studies evaluating HT-adapted anti-infective pro-
phylaxis and/or early G-CSF support. High-risk 
patients should be closely monitored for potential 
infections and relapse.
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neurotoxicity syndrome (ICANS).3 Prolonged cytope-
nias and infectious complications represent further 
challenging CAR-T-related side effects. They are both 
common and substantially contribute to the long-term 
toxicity burden of CAR-T.4 Infections in particular drive 
non-relapse mortality in the real-world setting.5

A combination of factors give rise to the high risk of 
infection in CAR-T patients. First, patients are often 
already heavily pretreated and display profound B-cell 
aplasia and diminished hematopoietic reserve prior to 
lymphodepletion. Other host risk factors include the 
underlying malignancy, a history of infection or prior 
stem cell transplantation, and the cytotoxic fludarabine/
cyclophosphamide lymphodepletion itself. Second, the 
acute immunotoxicities (eg, CRS and ICANS) and their 
respective management (eg, corticosteroids) add to the 
already high net-state of immunosuppression.6–8 Third, 
CAR-T patients are prone to delayed and prolonged cyto-
penias. Neutropenia is typically biphasic and can persist 
long after lymphodepletion and resolution of acute 
CRS.9–11 Together with B-cell depletion and hypogam-
maglobulinema, both expected on-target/off-tumor side 
effects of CD19-directed CAR-T, patients thus present 
with profound and prolonged immune deficits. These 
can persist for years due to the nature of CAR T-cells as 
a living drug.12 Still, most infections are observed early 
and especially occur in the first 30 days after CAR-T with 
previous studies reporting an infection rate ranging 
between 20% and 40%.7 8 13 14 In terms of infection type, 
bacterial infections represent the dominant pathogen 
in the first month after CAR-T, while viral infections are 
more common after the first month.8 13 Even though 
fungal infections are rare (2%–7%), they are often life-
threatening and are associated with severe neutropenia 
and CRS.11 15

In light of the growing number of indications for 
CAR-T across the hematological disease spectrum as well 
as the potential for outpatient administration of CAR 
T-cells,16 adequate risk-stratification prior to therapy 
initiation has become increasingly pertinent. We have 
recently described the CAR-HEMATOTOX (HT) 
model, which integrates parameters associated with 
pre-CAR-T hematopoietic reserve (eg, absolute neutro-
phil count (ANC), hemoglobin, platelet count) and 
inflammation (eg, C-reactive protein (CRP), ferritin) 
to predict CAR-T related hematotoxicity.10 The score 
is determined prior to lymphodepleting chemotherapy 
(eg, day −5 prior to CAR-T) and thus enables early risk-
stratification of hematological toxicity. Patients with an 
elevated HT score (HThigh, ≥2) exhibited a prolonged 
duration of severe neutropenia, while patients with a low 
score (HTlow, 0–1) displayed only transient neutropenia 
(12 vs 5.5 days). HThigh patients also more frequently 
developed an aplastic phenotype of neutrophil recovery 
(40% vs 2%).10 We therefore postulated that the HT 
score may help identify patients at risk for post-CAR-T 
infectious complications. As recent studies have impli-
cated pre-CAR-T inflammation as a negative prognostic 

marker,17 18 we also investigated the prognostic value of 
the score.

METHODS
Patients and data collection
In this multicenter retrospective observational study, 
infectious complications were studied in 248 adult patients 
receiving standard-of-care axicabtagene ciloleucel (Axi-
cel, n=138) or tisagenlecleucel (Tisa-cel, n=110) for 
R/R LBCL. Patients were treated between May 2018 and 
June 2021 across six international CAR-T centers (LMU 
Munich, Tübingen, Erlangen, Berlin Charité, Vall D’He-
bron Barcelona, Moffitt Cancer Center). Patients received 
lymphodepletion with fludarabine and cyclophospha-
mide according to the manufacturers’ instructions.1 2 
Clinical metadata were extracted from medical records 
and databases, and was collected with IRB approval 
(LMU: Project Nr. 19-817, Moffitt Cancer Center: Advarra 
Pro00024557). CRS and ICANS were graded according 
to American Society for Transplantation and Cellular 
Therapy (ASTCT) consensus criteria.19 Infections were 
studied between the day of CAR-T transfusion (day 0) 
until day 90. Information concerning the use of antibac-
terial prophylaxis (eg, fluoroquinolone) and early intra-
venous antibiotics (days 0–10), including the respective 
day of initiation and antibiotic class, was obtained for the 
entire study cohort. Institutional guidelines for toxicity 
management across the participating centers are outlined 
in online supplemental tables S1 and 2.

CAR-HEMATOTOX
The score was preferentially calculated on the day of 
lymphodepletion (day −5) with a leniency period of up 
to 3 days for laboratory markers as previously described.10 
One point was allotted for the following criteria: ANC 
<1200/µL, hemoglobin  <90 g/L, platelet count 75–175 
×109/L, CRP  ≥3.0 mg/dL, and ferritin 650–2000 ng/
mL. Two points were provided for a platelet count  <75 
×109/L/L and ferritin  >2000 ng/mL. HThigh patients 
were defined by a sum score  ≥2, HTlow patients by a 
sum score of 0–1. An online CAR-HEMATOTOX calcu-
lator can be found on the German Lymphoma Alliance 
(GLA) website: https://www.german-lymphoma-alliance.​
de/Scores.html. The clinical phenotypes of neutrophil 
recovery were divided into three groups: quick versus 
intermittent recovery versus aplastic.10

Infection categorization and classification of severity
An episode of infection was defined as bacterial, viral or 
fungal based on microbiologic or histopathologic data or 
as a clinical syndrome of infection (eg, pneumonia, cellu-
litis, cystitis) based on retrospective chart review. Infec-
tion onset was specified as the day on which the diagnostic 
test was performed. Infections prior to CAR-T transfusion 
were excluded. In the case of multiple positive blood 
cultures for different organisms on the same day, these 
were defined as separate events. The clinical source of 
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infection was based on a combination of symptomology, 
microbiologic isolates and radiographic findings. Respi-
ratory tract infections were subcategorized into either 
upper or lower respiratory tract infections. Lower respira-
tory tract infections were defined by pathogen detection 
in bronchoalveolar lavage, or new/changing pulmonary 
infiltrates on imaging. Invasive fungal infections were 
graded according to the Infectious Diseases Society of 
America (IDSA) consensus guidelines.20 In the absence 
of clinicals signs or microbiologic data, fever alone was 
not counted as an infection event.

Infection severity was classified on a 5-grade scale 
as mild, moderate, severe, life-threatening or fatal as 
previously established.8 21 Mild infections required no 
treatment. Moderate infections required oral antimicro-
bial treatment with the exception of bacteremia due to 
possible skin contaminants (eg, Diphtheroid, Bacillus, or 
coagulase-negative Staphylococcus spp). Severe infections 
were defined as requiring intravenous anti-infective agents 
and/or hospitalization. Patients with life-threatening 
infections developed complications considered to be life-
threatening such as hemodynamic instability, respiratory 
insufficieny, or sepsis. Fatal infections were defined as 
infections determined to be the primary cause of death.

Statistical methods
Multivariate adjusted analysis was performed as binary 
logistic regression for the primary endpoint of grade ≥3 
infection including HT risk groups and the host factors 
sex, age, ASCT, lactate dehydrogenase (LDH), disease 
entity as candidate predictors. Separate analyses were 
performed using post CAR-T factors (eg, CAR product, 
severe CRS/ICANS, Intensive Care Unit (ICU) admis-
sion, tocilizumab/corticosteroid/Granulocyte-colony 
stimulating factor (G-CSF) use, antibiotic prophylaxis, 
neutropenia) and the individual HT score components as 
candidate predictors. For time-dependent variables (eg, 
corticosteroid use, neutropenia duration), discrimina-
tory thresholds were determined from receiver operating 
characteristic (ROC) curves by optimizing the respective 
Youden J statistic.

Cumulative risk curves were calculated as the time-to-
first-infection from Kaplan-Meier estimates, censoring 
the observation time on the date of progression, last 
follow-up, or death. Concomitant hazard ratios (HRs) 
were calculated comparing HT risk groups using a multi-
variate Cox proportional-hazards model, adjusting for 
either pre-CAR-T or post-CAR-T factors. Competing risk 
analysis was not performed due to the low incidence of 
loss to follow-up or death. To account for multiple infec-
tions per patient, infection densities were determined 
by computing the mean number of infections per 100 
patient days considering the total days at risk.

Statistical significance between groups was explored 
by non-parametric Mann-Whitney test for absolute 
values and Fisher’s exact test for comparison of percent-
ages. Non-relapse mortality was defined as death after 
cellular therapy without prior relapse or progression. 

Kaplan-Meier curves for progression-free (PFS) and 
overall survival (OS) were compared using the log-rank 
test, while a univariate Cox regression was applied to study 
HRs comparing HT risk groups. Statistical analysis and 
data visualization was performed using GraphPad Prism 
(V.9.0), SPSS (V.26.0), or R Statistical Software (V.4.1.0).

RESULTS
Early post-CAR-T infections are common in the real-world 
setting
Infectious complications were studied during the first 90 
days following CD19 CAR-T in a derivation cohort of 179 
patients (cohort A) and a second independent valida-
tion cohort comprised of 69 patients (cohort B) (online 
supplemental table S3). Consistent with prior real-world 
reports, our patient cohort was heavily pretreated with a 
median of three prior treatment lines and median LDH 
of 281.5 U/L prior to lymphodepletion (table 1).5 22 In 
terms of the HT score prior to lymphodepletion, 133 
patients were HThigh (54%) and 115 patients were HTlow 
(46%). HThigh patients displayed an elevated LDH 
compared with their HTlow counterparts (346 vs 252 U/L, 
p=0.0004) indicating that the score may reflect tumor 
burden. As expected, the individual score components 
were increased in HThigh patients (online supplemental 
table S4). Of interest, the majority of patients treated 
in the US exhibited a low HT score (61/109, 56%), 
while only 39% of the European patients were HTlow 
(34/139, p=0.01). The toxicity profile was comparable 
to other real-world reports with a severe CRS (≥3°) rate 
of 9% and severe ICANS (≥3°) rate of 15%.23 While the 
severe CRS/ICANS rate was balanced between HT high 
vs low patients, tocilizumab was more frequently applied 
in HThigh patients (64% vs 48%, p=0.01), suggesting 
a higher rate of clinically actionable CRS. ICU admis-
sion rates were higher in HThigh compared with HTlow 
patients (20% vs 10%, p=0.03). Most patients developed 
an intermittent phenotype of neutrophil recovery (41%, 
online supplemental figure S1A). The clinically signifi-
cant aplastic phenotype was observed almost exclusively 
in HTHigh patients (38% vs 1%, p<0.0001, online supple-
mental figure S1B). As expected, an elevated HT score 
was associated with a significantly prolonged median 
duration of severe neutropenia (ANC<500/µL) in the 
first 60 days after CAR-T (13 vs 6 days, p<0.0001, online 
supplemental figure S1C). Reflecting the greater extent 
of neutropenia, HThigh patients more frequently received 
G-CSF (51% vs 33%, p=0.005) (table 1).

In the first 10 days after CAR-T, 73% and 12.5% 
of patients developed either neutropenic or non-
neutropenic fever respectively, highlighting the ubiq-
uitous nature of CAR T-cell-associated fever syndromes 
(figure  1B). This resulted in intravenous antibiotic use 
in 213 patients (86%) with a median time to initiation 
of 2 days (IQR 1–4) (online supplemental table S5). The 
most frequently used intravenous antibiotic was pipera-
cillin/tazobactam (54%), followed by cefepime (26%), 
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meropenem (17%), vancomycin (13%), and linezolide 
(5%). A total of 152 patients (61%) received oral (PO) 
antibacterial prophylaxis with the fluoroquinolone cipro-
floxacin, which was initiated by day 0 in all but two patients 
(online supplemental table S5). In our patient cohort, 
45% (112/248) developed an infectious complication 
with an average of 1.7 infections per patient (online 
supplemental figure S2A,B). Severe (grade 3) infections 
represented the most common severity grade accounting 
for 37.5% of all infections, while life-threatening and 

fatal infections accounted for 11.6% and 6.3%, respec-
tively (figure 1C). Of the seven early fatal infections, the 
causal pathogen was identified as fungal in three cases 
and bacterial in three cases (online supplemental table 
S6). One COVID-19 death occurred in a CAR-T patient 
with viral transmission of SARS-CoV-2 in the outpatient 
setting. Bloodstream infections represented the most 
common source of infection (27%), followed by gastro-
intestinal tract (21%) and lower respiratory tract (18%) 
infections (figure 1D). The overall infection density per 

Table 1  Baseline demographic and clinical characteristics of CAR T-cell treated patients

All patients (n=248) HT high (n=133) HT low (n=115) P value

Age, years (range) 63 (19–83) 63 (19–80) 63 (19–83) 0.58

Country (USA) 109 (44%) 48 (36%) 61 (53%) 0.01

Sex (female) 105 (42%) 57 (43%) 48 (42%) 0.9

Prior autologous SCT 68 (27%) 32 (24%) 36 (31%) 0.25

Median lines of prior therapy (excl. Bridging) 3 (3–4) 3 (3–4) 3 (3–4) 0.38

Median ECOG at lymphodepletion (IQR) 1 (0–1) 1 (1–1) 1 (0–1) <0.0001

IgG <400 mg/dL prior to lymphodepletion 92 (37%) 48 (36%) 44 (38%) 0.79

ALC <200 /µL prior to lymphodepletion 44 (18%) 36 (27%) 8 (7%) <0.0001

Disease entity

 �   Non-transformed lymphoma (DLBCL, PMBCL) 194 (78%) 107 (80%) 87 (76%)

 �   Transformed lymphoma (trFL, trMCL, trMALT, trCLL, 
trHL)

54 (22%) 26 (20%) 28 (24%) 0.44

CAR product

 �   4-1BB (Tisa-cel) 110 (44%) 69 (52%) 41 (36%)

 �   CD28z (Axi-cel) 138 (56%) 64 (48%) 74 (64%) 0.01

Markers of tumor burden

 �   Median LDH, 95% CI (U/L) 281.5 (260–318) 346 (285–375) 252 (236–271) 0.0004

Immunotoxicity

 �   No CRS 39 (16%) 19 (14%) 20 (17%) 0.49

 �   CRS grade 1–2 185 (75%) 98 (74%) 87 (76%) 0.77

 �   CRS grade ≥3 24 (9%) 16 (12%) 8 (7%) 0.20

 �   No ICANS 138 (56%) 72 (54%) 66 (57%) 0.61

 �   ICANS grade 1–2 71 (29%) 38 (29%) 33 (29%) 0.99

 �   ICANS grade ≥3 39 (15%) 23 (17%) 16 (14%) 0.49

 �   Severe neutropenia (ANC<500/µL) ≥14 days 70 (28%) 65 (49%) 5 (4%) <0.0001

Toxicity management

 �   Received Tocilizumab 140 (56%) 85 (64%) 55 (48%) 0.01

 �   Received Corticosteroids 99 (40%) 55 (41%) 44 (38%) 0.99

 �   Received Corticosteroids >9 days 35 (14%) 23 (17%) 12 (10%) 0.14

 �   Received G-CSF 106 (43%) 68 (51%) 38 (33%) 0.005

 �   ICU admission necessary 37 (15%) 26 (20%) 11 (10%) 0.03

Statistical significance (p<0.05) between HT high and HT low patients was determined by Fisher‘s exact two-sided t-test for incidence rates 
and Mann-Whitney test for continuous variables. The upper limit of normal for LDH was 249 U/L. Abbreviations: ALC, Absolute Lymphocyte 
Count; SCT, stem cell transplantation; DLBCL, diffuse large B-cell lymphoma; PMBCL, primary mediastinal large B-cell lymphoma; tr, 
transformed; FL, follicular lymphoma; MCL, mantle cell lymphoma; MALT, mucosa-associated lymphoma tissue lymphoma; CLL, chronic 
lymphocytic leukemia; HL, Hodgkin lymphoma.
ALC, absolute lymphocyte count; CAR, chimeric antigen receptor; CRS, cytokine release syndrome; ICANS, immune effector cell-associated 
neurotoxicity syndrome; LDH, lactate dehydrogenase.
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Figure 1  Post-CAR-T infectious complications are common in the real-world setting. (A) Cohort description: Cohort A includes 
179 patients derived from the publication describing the CAR-HEMATOTOX model10 (Hamburg and Lyon did not participate in 
this study). Cohort B represents an independent validation cohort of 69 patients. Infections were graded on a five-grade scale 
with grade ≥3 infections indicating severe infections. (B) Overview of fever syndromes occurring within the first 10 days after 
CAR-T. (C) The maximum infection grade is depicted in the 112 patients (45%) that developed an infectious complication. The 
y-axis indicates the absolute number of patients that developed the respective infection grade, while the x-axis describes the 
infection grade (grades 1–5). The relative distribution of infection grades in percent is superimposed on the top of the bars. 
(D) Clinical source of infection of the 193 infection events. (E) Infection densities per 100 patient days are displayed for fungal, 
viral, bacterial and all subtypes of infections occurring during the first 90 days after CAR-T. (F, G) Cumulative incidence curves 
describing the time-to-first-infection in the first 90 days after CAR T for all-grade (F) and severe (grade ≥3) (G) infections. 
Cumulative incidences are depicted for all infections (gray), as well as in cohort A (dark blue, n=179) and cohort B (brown, 
n=69). The p value by Mantel-Cox log-rank test comparing cohorts A vs B is depicted on the graph inset. CAR-T, chimeric 
antigen receptor T-cells; CRP, C-reactive protein; GI, gastrointestinal; NNPF, non-neutropenic fever; NPF, neutropenic fever; 
CNS, central nervous cystem; HT, CAR-HEMATOTOX.
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100 patient days was 0.89 and bacteria were the most 
commonly isolated microorganism (figure 1E).

The cumulative 90-day incidence for all-grade and 
severe infections was 43.5% and 24.4%, respectively 
(figure  1F–G). While severe infections were distributed 
equally between patient cohorts (figure  1G), they were 
more common in patients treated in Europe (online 
supplemental figure S2C,D). The majority of infections 
were observed in the first 30 days after CAR-T (>80%) 
with a median time to first infection of 7 days (95% CI 
5 to 8 days). When studying infection subtypes, bacterial 
infections displayed the highest cumulative 90-day inci-
dence at 26.0% (online supplemental figure S2E). Viral 
and fungal infections presented with a lower incidence of 
10.5% and 8.2%, respectively (online supplemental figure 
S2F,G). An overview of microbiologic isolates is provided 
in online supplemental table S7. Taken together, these 
data underline the high incidence of early post-CAR-T 
infections in the real-world setting. Infection rates peaked 
during the time period in which patients exhibited coin-
cident immunotoxicity.

A high CAR-HEMATOTOX score is associated with an 
increased incidence and severity of post-CAR-T infections
The overall infection rate was significantly higher in 
HThigh patients (56% vs 33%), especially for severe infec-
tions (40% vs 8%, p<0.0001) (figure 2A). The calculated 
infection densities were elevated in HThigh patients for all 
infection subcategories (figure 2B). For example, HThigh 
patients displayed an infection density of 1.23 and 0.69 
per 100 patient days for all-type and bacterial infections, 
respectively. Conversely, the respective infection density 
was 0.52 and 0.23 for HTlow patients. When studying the 
distribution of infection grades, the majority of infections 
in HTlow patients were either mild or moderate (77%, 
online supplemental figure S3). On the other hand, 
HThigh patients predominantly exhibited grade ≥3 infec-
tions (72%, online supplemental figure S3)—including 
13 HThigh patients (18%) that developed life-threatening 
and 6 HThigh patients (8%) that developed fatal infections 
during the first 90 days.

In our patient cohort, the cumulative incidence of infec-
tion was significantly higher in HThigh patients—particu-
larly for severe infections (figure 2C,D). When adjusting 
for other baseline patient features, the calculated HR 
for a high HT score was 2.0 (95% CI 1.4 to 3.0) for all-
grade and 6.4 (95% CI 3.1 to 13.1) for grade ≥3 infections 
(figure  2C,D). Furthermore, HThigh patients displayed 
a significantly increased risk for bacterial infections 
(adjusted HR 2.2, 95% CI 1.4 to 3.9, figure 2E). Bacte-
rial infections exhibited a higher severity grade in HThigh 
patients compared with their HTlow counterparts (27% vs 
0.9% grade ≥3 infections, p<0.0001, figure  2F). Impor-
tantly, the finding that HThigh patients developed more 
grade  ≥3 and severe bacterial infections was conserved 
across both cohorts (online supplemental figure S4) 
and when comparing patients treated in Europe vs the 
USA (online supplemental figure S5). The cumulative 

incidence of viral and fungal infections did not signifi-
cantly differ by HT score (online supplemental figure 
S6A–C). Still, all life-threatening or fatal fungal infections 
occurred in HThigh patients (online supplemental figure 
S6D).

A high HT score, prolonged neutropenia and corticosteroid 
administration represent independent risk factors of severe 
infection
Next, we performed multivariate analyses to charac-
terize risk factors of infection prior to lymphodepletion 
and risk determinants after CAR-T transfusion. When 
studying host factors and accounting for the other base-
line features in a multivariate analysis, only a high HT 
score significantly increased the overall probability of 
severe infection (figure 3A, adjusted OR 7.7, 95% CI 3.4 
to 17.3). Of note, this association was mainly driven by 
the HT factors hemoglobin and CRP—indicating that 
both hematopoietic reserve and baseline inflammation 
contribute to HT-mediated infection risk (online supple-
mental table S8).

On binary logistic regression analysis, both extended 
corticosteroid administration and prolonged duration of 
severe neutropenia increased the probability of grade ≥3 
infections (figure 3C,D). Using ROC curves, the critical 
discriminatory threshold was determined as ≥9 days for 
steroid-mediated and ≥14 days for neutropenia-mediated 
infection risk (online supplemental figure S7). Consis-
tent with the association between the HT score and 
infection, severe neutropenia  ≥14 days increased the 
probability of grade ≥3 infection (figure 3B, adjusted OR 
4.4, 95% CI 2.1 to 9.4). Prolonged corticosteroid admin-
istration represented a further independent adverse risk 
factor (figure  3B, adjusted OR 3.0, 95% CI 1.1 to 7.9). 
These findings could be confirmed in a multivariate 
Cox proportional-hazards model incorporating time to 
grade ≥3 infection (table 2). When studying these adverse 
risk factors by country, we found that patients treated in 
Europe had higher HT scores and more pronounced 
hematological toxicity (online supplemental table S9), 
which may in part have contributed to the increased rate 
of grade ≥3 infections.

Antibacterial prophylaxis reduces the risk of severe infections 
in HT high, but not HT low patients
Antibacterial prophylaxis with a fluoroquinolone was 
associated with a decreased risk of severe infections in 
the multivariate model (figure 3B, adjusted OR 0.4, 95% 
CI 0.2 to 0.75). Prophylaxis use reduced both the overall 
infection rate (online supplemental figure S8A, 37% 
vs 54%, p=0.004) and particularly the rate of bacterial 
infections (online supplemental figure S8B, 17% vs 40%, 
p<0.0001)—regardless of country (online supplemental 
figure S8C). The incidence of severe bacterial infections 
was significantly lower in patients receiving prophylaxis 
(9% vs 24%, online supplemental figure S8D). We did 
not observe a significant difference in baseline HT scores 
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Figure 2  A high CAR-HEMATOTOX score results in a higher incidence and severity of post-CAR-T infections. (A) Relative 
distribution of infection grades for all infection subtypes comparing HT high versus low patients. Infection grades (1–5°) are 
color-coded in shades of green with the connecting green and gray lines and percentage numbers comparing all-grade and 
grade ≥3 infections, respectively, in HT high versus low patients. Significance values were determined by Fisher’s exact test 
(*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). (B) Infection densities per 100 patient days for the first 90 days after CAR-T by 
HT score. (C–G) Cumulative incidence curves (D0-90) by HT score for any-grade (C), grade ≥3 (D), and bacterial (E) infections. 
HRs adjusted for other host factors were calculated by Cox proportional-hazards model. (F) Relative distribution of infection 
grades for bacterial infections comparing HT low versus high patients. CAR-T, chimeric antigen receptor T-cells; HT, CAR-
HEMATOTOX.
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between patients receiving prophylaxis vs not (online 
supplemental figure S8E).

Next, we studied patterns of antibiotic use by HT score 
and their impact on infection rates. Overall, we found 
that both HTlow and HThigh patients exhibited a high rate 
of early intravenous antibiotic use (figure  4A, 83% vs 
89%, p=n.s.). Still, the broad-spectrum antibiotics pipera-
cillin/tazobactam and meropenem were more frequently 
employed in HThigh patients (62% vs 45% and 25% vs 9%, 
respectively). Furthermore, a higher proportion of HThigh 
patients received the gram-positive-targeting antibiotics 
vancomycin and linezolide. A similar percentage of HTlow 
and HThigh patients received fluoroquinolone prophylaxis 

(58% vs 64%, p=n.s.). Interestingly, the use of antibacte-
rial prophylaxis differentially influenced infection rates 
in HTlow vs HThigh patients. While its use did not signifi-
cantly reduce the cumulative incidence rate of bacterial 
infections in HTlow patients (figure 4B), a marked reduc-
tion was noted for HThigh patients (21% vs 56%, p<0.001). 
When examining the distribution of infection grades, 
prophylaxis use was associated with both lower all-grade 
and grade ≥3 infections in HThigh patients (online supple-
mental figure S9B). In contrast, HTlow patients very rarely 
developed severe bacterial infections, regardless of the 
prophylaxis strategy (online supplemental figure S9A). 
Overall, these data highlight that prophylaxis strategies 

Figure 3  The CAR-HEMATOTOX, prolonged corticosteroid use and prolonged neutropenia represent independent risk 
factors for severe post-CAR-T infections. (A, B) Forest plots of the multivariate analysis performed as binary logistic regression 
analysis for the outcome of grade ≥3 infection. (A) Multivariate analysis of host factors determined prior to lymphodepletion 
(eg, age, disease entity, prior autologous stem cell transplantation, ECOG performance status, LDH >upper limit of normal, 
absolute lymphocyte count <200 /µL, immunoglobulin G levels <4 g/L, CAR-HEMATOTOX score ≥2). (B) Multivariate analysis 
of post-CAR-T factors (eg, CAR product—Tisa-cel, ICU admission, CRS/ICANS ASTCT grade ≥2°, tocilizumab administration, 
corticosteroid use ≥9 days, severe neutropenia ≥14 days, antibacterial prophylaxis use, G-CSF use). Adjusted p values 
accounting for the respective covariates are displayed on the graph inset. Variables reaching statistical significance (p<0.05) are 
highlighted in red (increased odds) or blue (decreased odds). (C, D) Binary logistic regression analysis for grade ≥3 infections 
for the time-dependent variables steroid use (C) and neutropenia (D). The cumulative duration of steroid use was calculated 
between days 0–21 (at least ≥10 mg dexamethasone equivalent per day). The duration of severe neutropenia (ANC<500 /
µL) was determined between days 0–60. The p value is depicted for the Likelihood ratio test (G-squared) with light shading 
indicating the 95% asymptotic confidence bands. CAR-T, chimeric antigen receptor T-cells; CRS, cytokine release syndrome; 
ICANS, immune effector cell-associated neurotoxicity syndrome; LDH, lactate dehydrogenase; ANC, Absolute Neutrophil 
Count; ICU, Intensive Care Unit; ECOG, Eastern Cooperative Oncology Group; ASTCT, American Society for Transplantation 
and Cellular Therapy; G-CSF, Granulocyte-colony stimulating factor; PPX, prophylaxis.
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with fluoroquinolones may be especially useful in HThigh 
patients.

Patients with a high HT score and with severe infectious 
complications display poor survival outcomes
The 1-year non-relapse mortality in our patient cohort 
was 6.0% (figure  5A) and was largely attributed to an 
infectious cause (10/15 deaths, online supplemental file 
1). An overview of all infection-related deaths is provided 
as a case series in online supplemental table S6. Notably, 
the seven patients that died of early (day 0–90) infectious 
complications predominantly presented with an elevated 
HT score (median: 3) and an aplastic phenotype of 
neutrophil recovery (5/7 patients). They also observed 
a high toxicity burden (median CRS and ICANS grade: 2 
and 4) and developed prolonged neutropenia (median 26 
days). Overall, this resulted in a trend towards increased 
non-relapse mortality in HThigh patients (8.0% vs 3.7%, 
p=0.09, figure 5A).

Importantly, the median duration of hospitalization 
was longer in HThigh patients (20 vs 16 days, p<0.0001, 
figure 5B), highlighting the clinical relevance and poten-
tial health economic impact of the score. In terms of 
clinical outcomes, a high HT score was associated with 
both inferior PFS (figure 5C) and OS (figure 5D). The 
median PFS was 3.4 vs 12.6 months (p=0.0003), while the 

median OS was 9.1 months vs not-reached (p<0.0001) 
for HThigh vs HTlow patients. This translated into a signifi-
cantly increased HR of 1.8 (95% CI 1.3 to 2.5) and 2.6 
(95% CI 1.7 to 3.9) for PFS and OS, respectively, in HThigh 
patients. The adverse prognostic impact of the HT score 
on survival outcomes was confirmed in both the deri-
vation cohort and the independent validation cohort 
(online supplemental figure S10B–E). Interestingly, 
patients who developed grade  ≥3 infections displayed 
significantly worse clinical outcomes when compared to 
patients without or with mild infections (figure  5E,F). 
Together these findings underline broad applications of 
the HT score beyond risk-stratification of toxicities alone 
and highlight the adverse prognostic role of infectious 
complications in the context of CAR-T.

DISCUSSION
In this multicenter real-world cohort of 248 patients 
treated with CD19 CAR-T for R/R LBCL, we demon-
strated that a high HT score, prolonged steroid use and 
an increased duration of severe neutropenia represent 
independent risk factors for grade  ≥3 infections after 
CAR-T, while antibacterial prophylaxis reduced the risk 
of severe infections in high-risk patients. HThigh patients 

Table 2  Multivariable Cox proportional hazards model for severe (grade ≥3) infection

Cox proportional-hazards model for grade ≥3 infection (D0-90) Adjusted HR (95% CI) P value

Pre-CAR-T variables

 �   Age (≥65 yo) 1.22 (0.73 to 2.03) 0.45

 �   Disease entity (transformed lymphoma) 1.43 (0.77 to 2.66) 0.26

 �   Prior ASCT 0.86 (0.47 to 1.59) 0.63

 �   ECOG performance status (≥2) 1.10 (0.74 to 1.66) 0.64

 �   LDH >ULN 0.95 (0.54 to 1.68) 0.86

 �   Absolute lymphocyte count (ALC) <200 /µL 0.92 (0.49 to 1.71) 0.80

 �   IgG Levels <4 g/L 0.85 (0.49 to 1.47) 0.55

 �   CAR-HEMATOTOX (High) 6.14 (2.93 to 12.87) <0.0001

Post-CART variables

 �   CAR T-cell product (Tisa-cel) 1.31 (0.74 to 2.29) 0.35

 �   ICU admission 1.22 (0.57 to 2.59) 0.61

 �   CRS grade (ASTCT≥2°) 1.65 (0.87 to 3.16) 0.13

 �   ICANS grade (ASTCT≥2°) 1.10 (0.50 to 2.38) 0.82

 �   Tocilizumab use 0.93 (0.46 to 1.86) 0.83

 �   Corticosteroid administration ≥9 days (≥10 mg Dexamethasone equivalent 
between D0-21)

2.08 (1.01 to 4.29) 0.047

 �   G-CSF use 0.82 (0.44 to 1.54) 0.54

 �   Antibacterial prophylaxis use 0.44 (0.26 to 0.77) 0.004

 �   Severe neutropenia ≥14 days (ANC<500/µL between day 0 and 60) 3.13 (1.74 to 5.62) <0.0001

Abbreviations: ANC, Absolute Neutrophil Count; G-CSF, Granulocyte-colony stimulating factor; ASTCT, American Society for Transplantation 
and Cellular Therapy; ECOG, Eastern Cooperative Oncology Group; ULN, Upper Limit of Normal; ICU, Intensive Care Unit.
CAR-T, chimeric antigen receptor T-cells; CRS, cytokine release syndrome; ICANS, immune effector cell-associated neurotoxicity syndrome; 
LDH, lactate dehydrogenase.
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more frequently developed infectious complications—
especially severe infections (40% vs 8%) and severe bacte-
rial infections (27% vs 0.9%). We confirm that infections 
substantially contribute to non-relapse mortality after 
CAR-T, and describe inferior PFS and OS in HThigh 
patients.

The incidence, distribution and clinical severity of infec-
tions was comparable to other published reports.7 8 13 14 24 
With a cumulative incidence rate of 44% and 24% for 
all-grade and severe infections respectively, infectious 
complications represent a frequent CAR-T-associated 
toxicity. Infections most commonly occur in a vulner-
able early phase between days 0 and 21 in which patients 
observe coincident immunotoxicity (eg, CRS, ICANS, 
hematological toxicity).24 There is considerable overlap 
between the diffuse capillary leakage and organ damage 
observed during CRS, and the dysregulated systemic 

inflammatory and immune response to microbial inva-
sion found in sepsis and septic shock.25 Our data suggest 
that post-CAR-T infection risk is particularly driven by 
an extended administration of high-dose steroids as a 
result of high-grade CRS and/or ICANS. Corticosteroids 
impair both innate and adaptive immunity and modu-
late the inflammatory response to pathogens.26 Prior 
analyses examined steroid use as a binary as opposed to 
time-dependent variable,8 which may have obfuscated 
the negative impact of extended corticosteroid use for 
post-CAR-T infections. The second force driving severe 
infections after CAR-T lies in dysfunctional hematopoi-
etic recovery, which is characterized by persistent or 
biphasic cytopenia.10 This likely results in the depletion 
of multiple functionally relevant immune cell subtypes 
including B- and T-lymphocytes, monocytes/macro-
phages and neutrophils. Prolonged neutropenia may also 

Figure 4  HT high patients receiving antibacterial prophylaxis exhibit lower rates of bacterial infections. (A) Comparison of 
intravenous antibiotic use during the first 10 days after CAR-T transfusion in HT low (green) vs HT high (red) patients. Pip./
Tazo=piperacillin/tazobactam, 3/4G = 3rd or fourth generation cephalosporin. Only antibiotics that were employed at least 
10 times were included, for detailed list see online supplemental table 5; p values determined by Fisher’s exact test. (B, 
C) Cumulative incidence curves (day 0–90) for bacterial infections by antibacterial prophylaxis use (PPX) in HT low (B) and 
HT high (C) patients. Light shading indicates patients receiving antibacterial prophylaxis, while dark shading denotes no 
antibacterial prophylaxis use; p values were determined by Mantel-Cox log-rank test comparing PPX vs no PPX. CAR-T, 
chimeric antigen receptor T-cells; HT, CAR-HEMATOTOX.

https://dx.doi.org/10.1136/jitc-2021-004475


11Rejeski K, et al. J Immunother Cancer 2022;10:e004475. doi:10.1136/jitc-2021-004475

Open access

Figure 5  Patients with a high HT score and with severe infectious complications display poor survival outcomes. (A) 1-year 
non-relapse mortality (NRM) across all patients (gray) and in HThigh (red) vs HTlow (green) patients. The p value of the Mantel-
Cox log-rank test comparing HThigh vs HTlow patients is depicted. (B) Median duration of hospitalization from the time point of 
lymphodepletion until the day of first discharge or death by HT score (data available for 246 patients). Statistical significance 
was determined by Mann-Whitney test. (C, D) Kaplan-Meier estimates of progression-free (C) and overall survival (D) by HT 
score. The median PFS and OS in months for HThigh (red) vs HTlow (green) patients is depicted on the lower left graph inset with 
the respective 95% CI. The HR with the 95% CI comparing HThigh (test) vs HThigh (comparator) in a univariate Cox regression 
model is depicted together with the p value of the log-rank test on the upper right graph inset. (E, F) Kaplan-Meier estimates of 
PFS (E) and OS (F) comparing patients with grade ≥3 infections (blue) to patients with grade <3 infections (orange). The p value 
of the log-rank test is depicted on the graph inset. OS, overall survival; PFS, progression-free survival; HT, CAR-HEMATOTOX.
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potentiate mucosal barrier injury,27 thereby contributing 
to bloodstream infections which were the most common 
infection type in our cohort. Importantly, tocilizumab did 
not increase infection risk in our cohort. Apprehension 
about single-dose tocilizumab as an immunocompro-
mising agent therefore appears unfounded, as its use may 
indeed prevent high-grade CRS and the need for high-
dose corticosteroids.28

The fact that the HT score represented an indepen-
dent risk factor for severe infections underlines the 
critical role of the host in facilitating post-CAR-T infec-
tions.24 The score implicates both baseline hematopoi-
etic reserve and inflammation as key risk determinants. 
More than half of all treated patients were HThigh (54%), 
highlighting that patients receiving CAR-T in the real-
world setting often present to lymphodepletion in a state 
of progressive disease with high levels of inflammation. 
CAR-HEMATOTOX scores were significantly higher in 
Tisa-cel compared with Axi-cel patients (online supple-
mental table S9), providing a potential explanation for 
the modest increase of infection risk with Tisa-cel in the 
multivariate model. We also found that a higher propor-
tion of HThigh patients was treated with the Tisa-cel 
product, which may reflect center-specific differences in 
product-choice or reflect clinician preference due to the 
expected toxicity profile in high-risk patients. Further-
more, more European patients were HThigh, which may 
reflect country-wide differences in the implementation 
of CAR T-cell therapy and warrants further systematic 
study. The increased incidence of grade ≥3 infections in 
the European cohort is likely multifactorial. Collectively, 
the EU cohort was characterized by a higher percentage 
of HThigh patients, more pronounced hematotoxicity, 
and less frequent use of antibacterial prophylaxis (online 
supplemental table S9)—all independent risk factors of 
severe infections in this study.

Notably, we find that antibacterial prophylaxis impacts 
the rate of severe bacterial infections in HThigh but not 
HTlow patients. Considering the high utilization of intra-
venous antibiotics in HTlow patients (83%) despite a mark-
edly low rate of severe bacterial infections (<1%), a more 
nuanced approach to antibiotic use for HTlow patients 
appears sensible. Antibacterial prophylaxis did not confer 
an added benefit in terms of controlling bacterial infec-
tions and thus should be avoided due to fluorquinolone-
specific side effects, the potential emergence of resistant 
strains, and selection for Clostridium difficile and entero-
cocci.29–33 It is important to note that the large majority 
of CAR-T patients develop (transient) lymphodepletion-
associated neutropenia during the phase of clinical 
CRS.10 34 The underlying etiology of febrile neutropenia in 
the CAR-T patient therefore commonly is CRS as opposed 
to infection—especially in the absence of clinical signs of 
infection or patient-specific risk factors. For this reason, 
reducing antibiotic exposure in CAR-T patients may be 
feasible and HTlow patients appear to be a low-risk group 
that could be targeted in prospective studies. This would 
help prevent the negative impact of antibiotic exposure on 

the intestinal micromilieu with recent evidence pointing 
toward the multifunctional and immunomodulatory 
role of the microbiome in the context of CAR-T specif-
ically.35–37 Clearly, clinical tools that adequately distin-
guish fever secondary to infection from CRS are urgently 
needed. In contrast, our data suggest a potential benefit 
of antibacterial prophylaxis in HThigh patients. With a 
median duration of severe neutropenia of 13 days, HThigh 
patients fall within IDSA recommendations for evidence-
based antimicrobial prophylaxis.29 Early G-CSF adminis-
tration represents a further strategy to ameliorate the risk 
of severe infections in this high-risk patient collective.38 39 
Ultimately, these interventions will need to be studied 
prospectively. Overall, the outlined HT-adapted approach 
to anti-infective therapy may thread the needle between 
sparing the microbiome in select low-risk patients, while 
still preventing severe infections in patients at high risk 
for infectious complications.

Interestingly, the pronounced baseline inflammation, 
tumor burden, and cytopenia observed in HThigh patients 
(online supplemental table S4) translated into signifi-
cantly worse clinical outcomes (mPFS 3.4 onths, median 
OS 9.1 months). Previous reports have established the 
adverse prognostic impact of an inflamed tumor microen-
vironment and systemic immune dysregulation in LBCL.40 
Tumor expression of interferon signaling and high blood 
levels of monocytic myeloid-derived suppressor cells were 
associated with poor CAR-T expansion, treatment resis-
tance, and a lack of durable reponse.17 Predictive models 
incorporating CRP and ferritin such as the modified 
EASIX score have also provided a link between inflam-
mation and the toxicity burden after CAR-T.18 41 Next 
to the adverse effect conferred by inflammation prior 
to lymphodepletion, there are several potential expla-
nations for the negative prognostic influence of the HT 
score. First, prolonged myelosuppression likely prevents 
the replenishing of pools of regulatory immune cells such 
as regulatory T-cells and myeloid-derived suppressor cells 
that may be required for long-term CAR-T persistence 
and anti-lymphoma activity.42 Second, infectious compli-
cations substantially contribute to non-relapse mortality, 
and life-threatening and fatal events were more common 
in HThigh patients. Finally, prolonged cytopenia may 
prevent patients from receiving potentially efficacious 
post-relapse therapy due to low blood counts (eg, chemo-
therapy, antibody-drug conjugates, immunomodulatory 
drugs, bispecific antibodies). Pancytopenic patients are 
also often not eligible for clinical trials.

The strength of this study lies in the multicenter design 
and the incorporation of a large number of both Axi-cel 
and Tisa-cel patients. However, the different CAR T-cell 
centers varied in their institutional protocols concerning 
diagnostic standard operating procedures, antimicrobial 
prophylaxis use, and trigger points for G-CSF application 
(online supplemental tables S1 and 2). These confounding 
variables may have influenced infection rates. Because 
only one US center was included in our study, we cannot 
ascertain if the lower number of documented severe 
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infections reflects consistent antibiotic prophylaxis at 
US sites per se. Previous reports illustrate that not all US 
centers employ prophylaxis.8 13 43 A comparison of studies 
on infectious complications from various US sites support 
our findings, with fewer severe bacterial infections at 
sites applying stringent antibacterial prophylaxis (online 
supplemental table S10). Moreover, the rate of bacterial 
infections was similarly low in the European patients that 
received prophylaxis, further arguing against our US 
cohort being an outlier (online supplemental figure S8C). 
Other limitations include the retrospective nature of the 
analysis and the limited follow-up time of 90 days. Future 
studies will have to prospectively evaluate if HT-adapted 
anti-infective prophylaxis and/or early G-CSF use truly 
mitigate infection risk. The survival disadvantage found 
in HThigh patients suggests that the score is of prognostic 
value and useful for distinguishing patients at highest risk 
for disease progression and resistance to CD19 CAR-T in 
lymphoma. These findings will also have to be validated 
independently and in a prospective manner. If confirmed, 
the score may guide patient selection and resource alloca-
tion, and help identify patients that require novel and/or 
escalated therapeutic strategies.

In conclusion, the CAR-HEMATOTOX represents 
a useful and easy-to-apply clinical score to risk-stratify 
patients for hematological toxicity, infectious complica-
tions, and clinical outcomes prior to lymphodepletion.
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